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INTRODUCTION

Identifying, conserving, and managing freshwater biodiversity in the United States has become one of the greatest challenges facing the conservation community today. The species richness of fishes, mollusks, crayfishes and insects contained within North America’s rivers and lakes is now recognized to be of global significance. Of the world’s freshwaters, few places harbor such high faunal diversity. Unfortunately, as biologists and concerned citizens, we have become acutely aware of the decline and loss of these species throughout the country. The construction of dams, water pollution, over-fishing, water withdrawal and introduction of exotic species has severely strained the nation’s aquatic ecosystems. However, passage of the Clean Water Act and Endangered Species Act by the United States Congress in the 1970s has significantly improved prospects for species conservation. We are now charged with the responsibility of identifying and prioritizing which ecosystems and species are in greatest need of restoration. Improvements in science and technology will allow policy makers and natural resource managers to begin the decades-long process of restoring habitats and species to their former ranges. The scientific community must help guide these recovery efforts to ensure that species are returned and restored to their appropriate habitats. The development of genetic methodologies in the latter half of the 20th century has revolutionized our understanding of species concepts and population diversity. Scientists are more aware than ever before that populations of species contain genetic diversity at many biologically meaningful levels. We now can directly probe into the genome of animals and see a complex array of genes, and begin to understand how these genes influence species behavior, life history, and morphology. Our assessments of genetic variation within and among a multitude of species are in flux. Cryptic species, unique life history traits, and gene variation are being revealed, all of which will require discussion on biological significance and subsequent management actions. These changes in technology and scientific knowledge will require that we keep pace with advancements and act to conserve biodiversity based on informed decisions.

   In collaboration with the U.S. Fish and Wildlife Service and the Department of Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, the Freshwater Mollusk Conservation Society (FMCS) has convened this workshop to examine the state-of-knowledge concerning our ability to identify and conserve aquatic biodiversity. The workshop will provide resource managers and biologists with an opportunity to learn the principles of conservation genetics as applied to recovery of freshwater mollusks and fishes. This two-day workshop contains 22 platform presentations and 17 poster presentations. Nationally recognized experts will speak on the topics of quantitative genetics, molecular genetics, phylogenetics, species concepts, taxonomic analysis, cryptic species, hybridization and genetic management guidelines for captive propagation and releases of endangered species. Case studies will be presented to demonstrate how the tools of conservation genetics are applied in real-world examples to help protect species. A final discussion will give attendees the opportunity to question the presenters and clarify the implications of concepts learned throughout the program.    

The FMCS welcomes you to the workshop and sincerely hopes to engage you and the rest of the conservation community into a dialogue on how best to protect our declining natural resources.
PROGRAM SCHEDULE
Plenary Session (Day 1)

Morning Session I
8:00
CONSERVATION AND RESTORATION OF FRESHWATER FAUNA IN THE UNITED STATES. R. Neves, J. Jones, and E. Hallerman, Virginia Polytechnic Institute and State University, Blacksburg, Virginia
8:30
GENE, ALLELE, LOCUS: WHAT’S THE DIFFERENCE? A POPULATION GENETICS REFRESHER. D. Berg, Miami University, Hamilton, Ohio

9:00
DEMYSTIFYING MOLECULAR METHODS, RESULTING DATA, AND OUR ULTIMATE INTERPRETATIONS IN BIODIVERSITY AND CONSERVATION SCIENCE. R. Mayden, R. Wood, N. Lang, A. George, C. Dillman, and J. Allen, Saint Louis University, Saint Louis, Missouri

9:30
THE ROLE OF RANDOM GENETIC DRIFT AND SELECTION IN SHAPING GENETIC STRUCTURE OF NATURAL POPULATIONS. M. Ford, National Marine Fisheries Service, Seattle, Washington

10:00-
Morning Break: refreshments served.

10:20
Morning Session II
10:30
AN INTRODUCTION TO SYSTEMATICS, SPECIES CONCEPTS, AND DEFINING THE UNITS OF CONSERVATION. R. Mayden, Saint Louis University, Saint Louis, Missouri

11:00
THE BIOLOGICAL SPECIES CONCEPT AND THE CONSERVATION OF FRESHWATER GASTROPODS. R. Dillon, College of Charleston, Charleston, South Carolina

11:30
INTEGRATING ECOLOGICAL, LIFE HISTORY, AND GENETIC DATA IN THE IDENTIFICATION OF CONSERVATION UNITS. R. Waples, National Marine Fisheries Service, Seattle, Washington

12:00-
Lunch served at NCTC dining room.

1:20
Afternoon Session I
1:30
QUANTITATIVE GENETICS AND CONSERVATION: APPLYING A PROVEN TOOL TO EMERGING PROBLEMS. J. Hard, National Marine Fisheries Service, Seattle, Washington

2:00
EFFECTS OF HATCHERIES AND CULTURED ORGANISMS ON NATURAL POPULATIONS. J. Epifanio, Illinois Natural History Survey, Champaign, Illinois
2:30
PROPOSED GENETIC MANAGEMENT GUIDELINES FOR CAPTIVE PROPAGATION OF FRESHWATER MUSSELS (UNIONOIDA). J. Jones, E. Hallerman, and R. Neves, Virginia Polytechnic Institute and State University, Blacksburg, Virginia
3:00-
Afternoon Break: refreshments served.

3:20
Afternoon Session II
3:30
AN INTRODUCTION TO PHYLOGENETIC ANALYSIS USING DNA SEQUENCES. K. Roe, Delaware Natural History Museum, Wilmington, Delaware
4:00
AN INTRODUCTION TO POPULATION GENETIC ANALYSIS USING DNA MICROSATELLITES. T. King, Leetown Science Center (USGS-BRD), Kearneysville, West Virginia

5:00-
Dinner served at NCTC dining room.

7:00
Evening Poster Session

7:00-
Evening Poster Session, Roosevelt Room: refreshments served.
9:00
Case Studies (Day2)
Morning Session I
8:00
WHICH SPECIES; WHICH COMMUNITIES: THE APPLICATION OF CONSERVATION GENETIC DATA TO THE ASSESSMENT AND MANAGEMENT OF IMPERILED FISHES. R. Wood, Saint Louis University, Saint Louis, Missouri

8:30
A HOLISTIC APPROACH TO TAXONOMIC EVALUATION OF TWO CLOSELY RELATED ENDANGERED FRESHWATER MUSSEL SPECIES, THE OYSTER MUSSEL (EPIOBLASMA CAPSAEFORMIS) AND TAN RIFFLESHELL (EPIOBLASMA FLORENTINA WALKERI) (BIVALVIA:UNIONIDAE). J. Jones, R. Neves, E. Hallerman, Virginia Polytechnic Institute and State University, Blacksburg, Virginia, and S. Ahlstedt, U.S. Geological Survey, Knoxville, Tennessee
9:00
HYBRIDIZATION IN FRESHWATER FISHES: GUIDELINES FOR ASSESSMENT AND CONSERVATION. N. Hitt, Virginia Polytechnic Institute and State University, Blacksburg, Virginia, and F. Allendorf, University of Montana, Missoula, Montana 
9:30
THE UTILITY OF MOLECULAR AND REPRODUCTIVE CHARACTERS TO ASSESS BIOLOGICAL DIVERSITY IN THE WESTERN FANSHELL CYPROGENIA ABERTI. J. Serb, University of California, Santa Barbara, California, N. Eckert, Virginia Department of Game and Inland Fisheries, Marion, Virginia, and C. Barnhart, Southwest Missouri State University, Springfield, Missouri   
10:00-
Morning Break: refreshments served.

10:20
Morning Session II

10:30
THE ENDANGERED LAMPSILIS HIGGINSII:  USING MITOCHONDRIAL AND MICROSATELLITE DNA DATA FOR DEVELOPING PROPAGATION AND RECOVERY PLANS. B. Bowen, Iowa State University, Ames, Iowa
11:00
USING MICROSATELLITE AND MITOCHONDRIAL DNA DATA TO DEFINE ESUs AND MUs IN TOPMINNOWS AND SPRINGSNAILS. C. Hurt and P. Hedrick, Arizona State University, Tempe, Arizona

11:30
POPULATION GENETICS OF THREE EXTANT POPULATIONS OF CUMBERLANDIA MONODONTA USING ALLOZYMES AND mtDNA. C. Elderkin, Miami University, Oxford, Ohio, and D. Berg, Miami University, Hamilton, Ohio
12:00-
Lunch served at NCTC dining room.

1:20
Afternoon Session I
1:30
SYSTEMATICS, BIOGEOGRAPHY AND HOST – PARASITE EVOLUTION IN FRESHWATER MUSSELS (BIVALVIA: UNIONIDAE). K. Roe, Delaware Museum of Natural History, Wilmington, Delaware, R. Mayden, Department of Biology, Saint Louis University, Saint Louis, Missouri, and P. Harris, Department of Biological Sciences, University of Alabama, Tuscaloosa, Alabama
2:00
CONSERVATION GENETICS OF THE ENDANGERED DWARF WEDGEMUSSEL (ALASMIDONTA HETERODON): A HIERARCHICAL PERSPECTIVE. T. King, Leetown Science Center (USGS-BRD), Kearneysville, West Virginia

2:30
EXTENSIVE ALLOZYME MONOMORPHISM IN A THREATENED SPECIES OF FRESHWATER MUSSEL, MARGARITIFERA HEMBELI (BIVALVIA: MARGARITIFERIDAE): A RESULT OF FAMILY-LEVEL BIOLOGY? J. Curole, Bodega Marine Lab, University of California, Bodega Bay, CA
3:00-
Afternoon Break: refreshments served.

3:20
Afternoon Session II 

3:30-
Final Discussion: E. Hallerman, Virginia Tech, Moderator. 

4:30
● Participants should bring their questions for the panel of speakers
PLENARY PAPERS
CONSERVATION AND RESTORATION OF FRESHWATER FAUNA IN THE UNITED STATES

Richard J. Neves1, Jess W. Jones2, and Eric M. Hallerman2 

1Virginia Cooperative Fish and Wildlife Research Unit, U.S. Geological Survey, Department of Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, 2Department of Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061 


The freshwater biodiversity in the United States is a world-class resource, with the largest known number of species for most faunal groups of any temperate or tropical country.  Lotic and lentic ecosystems house such a rich assemblage that many new species continue to be discovered each year, adding to our appreciation of this national heritage. This biological diversity, defined as the variety and variability of living organisms and the ecological units in which they occur, contains a wealth of genetic information and ecological complexity that contributes much to the quality of life in American society. The foundation of that variability is contained within the genome of each species, such that biological resource management should begin at this informational level.  Early Americans thoughtlessly exploited and extracted natural resources principally for economic gain and livelihood, resulting in a landscape and waterscape with greatly reduced biomass and dysfunctional ecosystems. The subsequent expansion of human habitation, commerce, and a concurrent discharge of waste products have devastated freshwater ecosystems in most geographic regions, such that the Endangered Species Act and precedent legislation was needed to prevent the wanton loss of species, no matter how seemingly innocuous or irrelevant by contemporary values. Benign neglect in American society now jeopardizes the survival of many rare species and the life expectancy of countless others, such that complacency toward our biological heritage has itself become hereditary. This apathy for freshwater species is most destructive in the southeastern United States, where river systems teem with taxa unequaled anywhere on earth. Each of four major freshwater groups is described below, noting both the profusion and plight of these species inhabiting environments throughout the United States and where the concern of conservation biologists and prudent citizens should be focused.


The diversity of freshwater fishes in the United States exceeds 800 species, and their conservation needs are greatest in the West and Southeast. Already, 36 species and subspecies have gone extinct in recent decades, and another 300 species face some degree of imperilment nationwide. More than half of the fish species under federal protection occur in the West, and based on percentages, the western fish fauna is the most endangered and faces the greatest threat of extinction (Minckley and Deacon 1991). Aquifer withdrawals, interbasin transfers, and a constant stream of water development projects to sustain human population growth and agriculture threaten the survival of endangered species and pose a grim prospect for many others. With populations of 560 described native fish species residing in the Southeast, to include a wealth of endemics, the threat of endangerment and need for conservation is great. Each of these river drainages contains multiple species considered to be endangered, threatened, or vulnerable.  Of the 31 families and roughly 660 native and introduced species and subspecies, taxa under greatest threat include the darters (Percidae), madtoms (Ictaluridae), and sturgeons (Acipenseridae). Traits of vulnerability for most of these jeopardized fishes include a limited range (endemism), population fragmentation, benthic habitation and sedimentation, altered flows, or residing in springs. Etnier (1997) identified medium-sized rivers and springs as the most threatened ecosystems because they contain a disproportionately high number of jeopardized species. Protection and restoration of those habitats are of high priority to maximize conservation benefits. Although only 2 fish species are acknowledged as extinct in the Southeast, based on the doubling of human population growth in the South from 1950-2000, and a doubling of fish species considered ‘in jeopardy’ in the last 20 years, ichthyologists project a spasm of extinctions in the 21st century. Federal, state, and private propagation facilities in various states are actively involved in spawning and rearing some of the endangered western fishes and a few of the southeastern species, but many other species have no active propagation or implemented recovery plans. The widespread alteration if not degradation of lotic systems across the entire country will continue to stress sensitive fishes and promote the further extinction of listed species and the endangerment of additional ones.  


The status and conservation needs of freshwater mussels are equally dire (Williams et al. 1993). Of the nearly 300 species in the nation, populations of about 90% of those species reside in the Southeast. Therefore, the plight of southern river systems will determine the plight of this faunal group. Already, at least 35 species are presumed extinct, another 70 species are federally listed as endangered or threatened, and there is a plethora of additional species qualified for protection at the national and state levels. Traits of vulnerability include their limited mobility, unusual reproduction cycle, susceptibility to contaminants, and intolerance for altered flow regimes. States such as Alabama, Tennessee, and Georgia with 175, 131, and 118 species, respectively, are keystone caretakers of this faunal group. In spite of the inevitable projection of further extinctions, there is a small cadre of dedicated biologists in a variety of agencies working to prevent many more extinctions. Development of propagation techniques in the 1990s and approval of a written national strategy to conserve native freshwater mussels have lead to a modest scattering of propagation facilities in the East, to include culture operations at a few state and federal hatcheries. Production of juvenile mussels of principally endangered species has allowed vigilant regulatory agencies to augment failing natural reproduction in several rivers and to expand the range of those relic populations upstream and downstream of sites of known occurrence. Thus biologists, through controlled propagation, are attempting to reverse the downward trend in rare populations residing in rivers of suitable water quality and other requisite habitat conditions. Improvements in physical habitat and water quality are agency-level mandates and responsibilities that must progress expeditiously before reintroductions into rivers of historic occurrence become a political and economic reality. Recovery cannot occur without the re-establishment of many of these historic populations.


Freshwater gastropods epitomize the worst expectation for an extinction spasm in the 21st century. The 14 families and more than 650 species face a bleak future. Already, more than 60 species are presumed extinct, equal to the total extinctions of the previous two freshwater groups, with roughly half of the remaining species under some category of imperilment.  As with mussels, snails are vulnerable to extinction or extirpation because of limited mobility, sedimentation, altered flows, and sensitivity to contaminants. Ricciardi and Rasmussen (1999) acknowledged that freshwater gastropods have the highest extinction rate of all North American fauna. Their current rate of extinction projects a loss of snail species exceeding 5% per decade in the first half of this century. The aquatic snail diversity of 181 species in Alabama is in greatest need of conservation (Neves et al. 1997). For example, 42 of the 96 recent extinctions of freshwater mollusks have occurred in the Coosa River basin. The highly endemic spring snails (Hydrobiidae) of the West also contribute a host of species in jeopardy of extinction. With so few specialists on this group and lack of governmental and public awareness of their plight, it is inevitable that further extinctions will be at least constant, if not accelerated. No concerted efforts to stem the rate of extinctions are evident; rather, conservation of snails is an incidental benefit of watershed protection programs and direct restoration programs for higher priority faunal groups. Only one facility, the Tennessee Aquarium Research Institute, is actively propagating a few species of endangered snails to augment and expand ranges of a few of these geographically bottlenecked populations in Alabama. Because of their small size, adequate fecundity, and limited space needs for propagation, a cadre of professional biologists and aquarium enthusiasts could contribute valuable expertise to the conservation of many of these imperiled species.  


The last major faunal group for consideration is the crayfishes. Once again, our world-class diversity of about 340 species faces an inauspicious future in many geographic regions, but particularly in the Southeast. This is the least-studied of the four faunal groups, with nearly 70 species known from a single locality or only one stream system. Although only 4 species are federally protected, The Nature Conservancy recognized 51% of the species as imperiled or vulnerable (Master et al. 1998). A recent assessment by the American Fisheries Society listed 65(19%) as endangered, 45(13%) as threatened, and 50(15%) as special concern (Taylor et al. 1996). Because so little distributional work has been done with most of these species, assessments of imperilment are judgments only, based on best available data. The primary trait of vulnerability for crayfishes is their seemingly limited natural range; secondary factors include habitat destruction and alteration, and the introduction of non-indigenous species.  Zoogeographic distributions have been compromised by wetland destruction, channelization and levee construction, dams, water quality degradation, and a potpourri of other subtle but devastating alterations to once-natural waterways. Bait-bucket introductions and escapement from commercial culture have become nationwide, such that displacement and extirpations of native species continue to proliferate. Conservation needs for crayfishes include a major educational campaign directed at fishers who use crayfish for bait, and municipalities and counties where highly endemic species are threatened by urban development. Although no controlled propagation of rare species is known presently, the translocation of adults to suitable habitats in proximity to known locations may be the most viable option to prevent extinctions resulting from further habitat losses.

      
These groups of freshwater species and most others that have sufficient historic collection records portend a pessimistic future for the nation’s precious biological heritage. The recognized leadership role of the United States in promoting global conservation is contradicted by performance at home, where freshwater biodiversity exceeds all other nations, and yet is being diminished at comparable if not accelerated rates of decline. Our mission as biologists is to sound the alarm, particularly to legislators, natural resource agencies, and the general citizenry, that the web of life in fresh water is unraveling. The status quo of clean water and highly diverse communities of fishes and invertebrates is being expropriated from future generations because of poor management practices to fulfill the immediate priorities of local communities. With a modicum of conservation ethic, policy, and action, we still have time to preserve much of the freshwater fauna for the next generation, before a runaway train of extinctions becomes inevitable.
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NOTES:
GENE, ALLELE, LOCUS:  WHAT’S THE DIFFERENCE?  A POPULATION GENETICS REFRESHER  
David J. Berg  
Department of Zoology, Miami University, Hamilton, OH 45011
Diversity may be characterized at a number of levels of biological organization. Thus, conservation biologists might be concerned with ecosystem diversity, species diversity, higher-order taxonomic diversity, or genetic diversity. The latter represents variation within species, and it is the basis for diversity at all higher levels of organization. Among the goals of population genetics are to describe genetic variation within and among species, to examine the distribution of this variation among populations, and to consider the mechanisms accounting for the creation and maintenance of this variation. Conservation genetics, a subdiscipline within population genetics, is particularly concerned with attaining these same goals for taxa that are threatened with extinction, primarily due to small population size. As such, a brief refresher on the basics of population genetics may be useful for persons who do not work in the discipline on a day-to-day basis.
A gene is a specific segment of DNA that codes for a trait. Such a segment can be described by its nucleotide sequence – the strings of bases (adenine, thymine, cytosine, and guanine) aligned along the two “backbones” of a DNA molecule. The physical location of the gene on a chromosome is termed the locus.  Such a gene may have several alleles:  forms that code for alternate states of the trait.  Such alleles arise via mutations, or changes in the nucleotide sequence of a gene. Because most organisms of conservation interest result from sexual reproduction, their nuclear genomes are diploid and contain both a paternal and a maternal copy of a given gene. If these copies consist of the same allele, the individual is said to be homozygous for the gene; individuals with two different alleles are heterozygous.  The genotype of an organism is the sum of information contained within all genes, although the term is also used to describe the state of an organism at a single locus.
The Central Dogma of molecular biology proposes that information encoded in the DNA of a gene is transcribed to RNA, and then translated into protein. The protein interacts with the environment, leading to the phenotype or physical expression of a trait. It is these traits, interacting with the environment, which represent the variation upon which natural selection acts.  Phenotypic variation arises from several sources:  mutation, interactions between alleles, independent assortment of chromosomes during meiosis, interaction of multiple genes, and interaction of genes with the environment.
Genetic information also is stored in several organelles of cells, namely the mitochondria and chloroplasts. These genomes tend to be small and are generally inherited through only one parent (with a conspicuous exception in some bivalves). Analyses of both nuclear and mitochondrial genomes play important roles in conservation genetics.
Much of population genetics is concerned with the relative frequencies of alleles at a given locus. Allele and genotype frequencies will reach a stable equilibrium (the Hardy-Weinberg equilibrium – HWE) within one generation if several assumptions are met. These assumptions include random mating, large population size, no migration, no mutation, and no selection.  Violation of these principles may lead to populations with genotype frequencies that are significantly different than those expected under the HWE. With species of conservation interest, population sizes are often small, subjecting them to random fluctuations in allele frequencies.  This phenomenon is known as genetic drift.
Measurements of genetic variation provide information useful for a number of conservation purposes. Species boundaries and higher-order taxonomic relationships can be detected with properly chosen biochemical tools. Genetic markers can be used to investigate interactions among individuals via parentage analysis. Population genetics is particularly concerned with assessing variation within and among populations of a species. Such variation is arranged in a hierarchy.  For instance, in stream-dwelling invertebrates or fishes, total genetic variation can be partitioned into several levels:  within-population variation, among populations within a river, among rivers within a drainage basin, and among drainage basins. The significance of each level of the hierarchy can be assessed using fixation indices (F-statistics) or various modifications of these. These F-statistics also can be used to assess biogeographic models of gene flow.  The presence of significant variation at a particular hierarchical level and the degree of implied gene flow should be considered in development of conservation strategies.  The choice of techniques is highly dependent on the questions being investigated.  While one may wish to use a highly variable genetic marker for examining differences among individuals or populations, more conserved markers are useful for answering questions of higher-order systematics.
Examples of using population genetics to inform our understanding of freshwater mussel conservation biology are available. Currently, my laboratory is working on a hypothesis that partitioning of genetic variation is correlated with river size. Mussels in small streams tend to have relatively low levels of within-population genetic variation and significant levels of among-population variation at relatively small spatial scales (10-100 river km). Large-river mussels, on the other hand, tend to have high levels of within-population genetic variation and little among-population genetic variation over long distances (100-1000s of river km). Species that might be characterized as typical of intermediate-sized streams or that are found in both streams and rivers tend to have genetic structure that is intermediate to that described for small streams and for large rivers. Potential explanations for this variation in genetic structure associated with river size might include movement characteristics of host fishes, differences in population sizes, and environmental stochasticity that promotes rapid shifts in allele frequencies.
Wide spread freshwater mussels show significant genetic variation among drainage basins, regardless of whether these species inhabit small streams or large rivers. Human efforts at conservation must be cognizant of this fact if the geographic structure of a target mussel species is to be maintained.  For instance, significant differences are found between populations from the Ohio River and Lake Erie drainages for several common species of mussels. Careless translocations of individuals across this drainage divide might lead to the unintentional genetic “homogenization” of the species across its range, with unknown consequences for the evolutionary trajectories traveled by these populations.
Population genetics can provide information that is vital to preservation of biodiversity.  Ultimately, the variation among taxa that we now see is the result of heritable variation within ancestral populations. To provide endangered species with the evolutionary potential for adaptation to future environmental changes, it is critical that within-species genetic variation be maintained. Awareness of how such variation is distributed within populations and across the landscape, and of the forces that shape the extent and magnitude of variation are the first steps in designing conservation plans that help to ensure survival of target species.

DEMYSTIFYING MOLECULAR METHODS, RESULTING DATA, AND OUR ULTIMATE INTERPRETATIONS IN BIODIVERSITY AND CONSERVATION SCIENCE 

Richard L. Mayden, Robert M. Wood, Jason Allen, Casey Dillman, Anna L. George, Nicholas J. Lang, and Jeffery Ray 

Department of Biology, 3507 Laclede Ave, Saint Louis University, Saint Louis, MO 63103 


The emergence and availability of various types of genetic data has revolutionized many aspects of our understanding of the theory and applications in conservation science. Methods have been developed in the last few decades that are thought to allow researchers to indirectly assess information about the genetic makeup of an organism, population, or species, including both haplotypic and genotypic data of the mitochondrial and nuclear genomes. These techniques can be used to detect and analyze genetic variation and delineate lineages. All of these methods have the potential to provide information to permit us to estimate various species- and population-level parameters. With the availability of these techniques and the declining costs associated with garnering these types of data, the number of studies using genetic information to address evolutionary, systematic, and conservation questions is growing exponentially. This use of genetic data in these types of studies has not always been accompanied by growth in either researcher’s or consumer’s knowledge. Some examples include assumptions inherent in different genetic methods, the type of information that these techniques can actually provide, limitations on how to interpret the genetic variability and resulting analyses, why different analyses of the same genetic data may result in different conclusions/outcomes, what constitutes optimal information, and why the researcher and reader should be concerned about these issues. 

Widespread use of genetic data and increasing sophistication in methods of data analysis can be viewed as somewhat problematic if there is inadequate education on how to interpret these data and results. For some, it is thought that because the data generated are “genetic”, they are more important than other types of information like morphology, behavior, etc.  Likewise, confusion and often “dogmatic” decisions are thrust upon a situation when one encounters a lack of genetic variation in the face of morphological variation between taxa, or the lack of morphological variation between populations or species while they may differ for genetic traits.  These situations do not necessarily harbor contradictory information if one does not confuse rates of variable evolutionary change, historic origins of traits, and phylogenetic relationships of taxa.  Researchers, managers, policy makers, biological advisors, and those involved in captive propagation efforts must be able to critically evaluate the types of genetic data being generated, the circumstances within which it was generated, the analytical methods used to derive conclusions, and the origin and existence of specimens or voucher materials. All too often, voucher materials are not considered significant or the source of some specimens, are suspect.  Captive propagation programs must be fully aware of the genetic implications of rearing from small stock populations, the tremendous impact that “augmentations” can have on native populations, must be unequivocally convinced of a taxon’s extirpation prior to reintroductions, and should look to historical biogeographic patterns for indications as to where source populations should be derived. This real gap in the general education of the biologist and non-biologists as to the fundamental utility of genetic data has major ramifications for studies in conservation biology and biodiversity.  It is critical that individuals planning projects, gathering and analyzing the data, and implementing recommendations, understand the limitations of some genetic data, data sets, and analyses to avoid erroneous conclusions regarding the distribution of genetic variation and conservation priorities.

In this study, we review the most commonly used genetic techniques within the field of conservation genetics, including sequence data, microsatellites, allozymes, restriction analysis, SNPs, and SSCPs, in order to provide recommendations on which data type is most appropriate for different questions. While these data can be very important in formulations of recommendations and decisions, there are many caveats to the use of all types of genetic data and various analyses that are real and must be acknowledged. Clearly, however, genetic studies are vital to many components of the discipline of conservation biology, including the identification of appropriate management units and captive breeding activities, planning reintroductions, and recommendations for the maintenance of the natural genetic variability for endangered species on a time-scale beyond political agendas.  

NOTES:
THE ROLE OF RANDOM GENETIC DRIFT AND SELECTION IN SHAPING GENETIC STRUCTURE OF NATURAL POPULATIONS 

Michael J. Ford 

Northwest Fisheries Science Center, 2725 Montlake Boulevard East, Seattle, WA 98112

Introduction.  The fields of evolutionary biology and population genetics have been dominated by molecular studies for the last quarter century (Lewontin 1974; Lewontin 1991). Over much of that time, there has been a persistent debate about whether natural selection or random drift is the dominant force in molecular evolution (Gillespie 1991; Kimura 1983). In recent years, considerable progress has been made in the ability to detect natural selection from patterns of DNA sequence variation, and the "selectionist/neutralist debate" has matured into an effort to estimate the distribution of selective effects on genetic variation (Hey 1999; Kreitman 1996). The strict neutral theory, on the other hand, has become the standard null hypothesis used to approach the study of molecular evolution, even if it is often rejected.  

The neutral theory.  The strictly neutral theory proposes that the vast majority of new mutations fall into one of two categories: deleterious or selectively neutral (Kimura 1983). Deleterious mutations are expected to be rapidly eliminated due to natural selection against them and therefore presumably contribute little to variation within or among species. Mutations that are selectively equivalent to the allele(s) already present in the population, on the other hand, are expected to have dynamics governed by genetic drift and to make up the vast majority of the observed variation both within and among species. Beneficial mutations are expected to be extremely rare and to contribute little to observed patterns of DNA sequence variation.  

Statistical tests of neutrality.  The neutral theory is a valuable null hypothesis because it can be used to make testable predictions about patterns of genetic variation. Most statistical tests of neutrality are based on comparing observed patterns of genetic variation with those expected under the neutrality theory.  Soon after protein electrophoretic studies began demonstrating that natural populations were polymorphic at enzyme loci, investigators developed methods of testing the fit of observed patterns of variation to expectations under neutrality (e.g., Ewens 1972; Lewontin and Krakauer 1973; Watterson 1978). A plethora of neutrality tests have been developed for DNA sequence data, and I briefly illustrate four important and representative ones.   

The HKA test -- Hudson et al. (1987) developed the first statistical test of neutrality to take advantage of the greater information content available from DNA sequence data compared to protein electrophoretic data. The test is based on the expectation that under an infinite sites  neutral model (appropriate for DNA sequence variation within and among closely related species) the level of polymorphism at a gene within a species is proportional to the amount of divergence at that gene between species. 

Tajima's D test -- Tajima (1989) developed a statistical test of neutrality that uses only polymorphism data within a population. The test statistic, D, is based on the difference between two estimators of the neutral polymorphism parameter 4Ne(, one based on just the total number of polymorphic nucleotide sites observed and the other based on the average number of differences between all pairs of sequences sampled. 

dn/ds tests -- Hill and Hastie (1987) and Hughes and Nei (1988) were the first to use the ratio of nonsynonymous differences to synonymous differences among DNA sequences as a test for positive selection. The idea behind the test is that if synonymous mutations are essentially neutral because they do not result in a change in a protein, the rate of synonymous site evolution (ds) will equal the mutation rate (Kimura 1983).  Nonsynonymous mutations, because they result in a change in a protein product, are more likely to be subject to natural selection. If most nonsynonymous mutations are deleterious, then the rate of nonsynonymous evolution (dn) will be lower than neutral rate, resulting in dn/ds < 1. If a substantial fraction of nonsynonymous mutations are beneficial, however, the average rate of nonsynonymous evolution can be higher than the neutral rate, resulting in dn/ds > 1. An recent development in the application of dn/ds tests has been the development of maximum likelihood approaches for estimating dn/ds and related parameters (Goldman and Yang 1994; Nielsen and Yang 1998; Yang and Bielawski 2000), including identification of specific codon sites that are likely to have been subject to positive selection (Nielsen 1998; Yang 1998; Bishop 2000; Ford 2001). 

McDonald/Kreitman test -- McDonald and Kreitman (1991) proposed a two-by-two contingency test using the numbers of nonsynonymous and synonymous polymorphisms polymorphic within species and the numbers of nonsynonymous and synonymous differences between species.  Under neutrality, the ratio of nonsynonymous to synonymous polymorphisms within species is expected to be the same as the ratio of nonsynonymous to synonymous differences between species (Sawyer and Hartl 1992). One striking finding that has emerged from using the test is that animal mtDNA genes generally have a greater number of nonsynonymous polymorphisms within species than expected compared to nonsynonymous divergence among species (e.g., Rand and Kann 1996), apparently due to weak selection against slightly deleterious nonsynonymous mutations (Nielsen and Weinreich 1999).  
Studying natural selection at the molecular level.  The ability to make strong inferences about the action of selection from patterns of DNA sequence variation is a potentially powerful way of studying adaptation.  For example, one might be interested in knowing if geographic patterns of variation in a particular trait are adaptations that arose through natural selection. Conceptually, a way to answer this question would be to survey DNA sequence variation at a gene or genes with major effects on the trait and determine if the null hypothesis of selective neutrality can be rejected (Endler 1986). 

Using DNA sequence data to study natural selection is useful, but there are several obstacles, both practical and conceptual, that will limit its near term applicability. The primary practical limitation for most molecular ecologists studying non-model organisms will be finding appropriate genes to study. Finding the genes that influence variation in quantitative (or for that matter even simple) traits is difficult and time consuming even in "model" genetic organisms like Drosophila and maize (Flint and Mott 2001; Mackay 2001), and is not currently feasible for many of the less genetically studied organisms that are usually of interest to ecologists or conservation biologists.  

Given these difficulties, a place to start might be the allozyme genes whose products are involved in basic energy metabolism. Cloning these genes using heterologous probes or degenerate PCR primers is relatively straightforward (e.g., Katz and Harrison 1997), and will become more so as more sequences become available.  For a great many organisms, variation at these genes has been surveyed using protein electrophoresis, and in some cases patterns of electrophoretic variation may suggest good candidates to study at the DNA level.  Model genetic organisms provide a second potential source of candidate genes for molecular adaptation studies (reviewed by Haag and True 2001). As the functions of more and more genes are elucidated in a few “model” organisms, molecular ecologists will have a large pool of candidate genes to draw upon for population genetic study. A third potential source of genes to study could come from randomly or systematically sampling a species' genome for genes that show evidence for positive selection. Pogson et al. (1995) took this approach in their study of genetic variation in Atlantic cod, for example.
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AN INTRODUCTION TO SYSTEMATICS, SPECIES CONCEPTS, AND DEFINING THE UNITS OF CONSERVATION
Richard L. Mayden 

Department of Biology, Saint Louis University, 3507 Laclede Ave, Saint Louis, MO 63103
Biodiversity is the product of descent with modification. Descent is intrinsic to all populations and species. One consequential byproduct of descent is speciation, the process through which new species evolve. Through descent, all types of attributes possessed by populations and species can be modified in a unique history of events; importantly, these modifications are directly reflective of the unique biological patterns observed today.  Supraspecific taxa (e.g., genera, families, etc.) do not participate in descent with modification because they do not evolve as units; all supraspecific taxa originate from a single species that may or may not undergo speciation.  


The effective discovery, understanding, and conserving of elements of biodiversity, from populations to species, requires both (1) an understanding of their evolutionary histories, and (2) an understanding of the various concepts of species. Insight into the evolutionary histories of biological diversity provides fundamental information regarding the discovery of species, the origins of their distributions and their characteristics, and a framework within which we may interpret patterns of character variation and natural processes. Without an historical perspective to interpret the species, geographic distributions and the characteristics possessed by these taxa, we will error in our inventories, conservation practices, and protection of diversity.  


A number of concepts currently exist for species. Most of these concepts are practiced to some degree across the range of taxonomists, systematists, and other biologists working with diversity. This diversity of concepts derives from a number of logical reasons, ranging from investigative study of particular taxa, to philosophical aptitude and worldview, to a preference for operationalism and the existence of nomenclatorial rules. Regardless of the situation, as traditionally viewed, when applied, many of these concepts are inherently incompatible with one another or in their ability to recognize existing biological diversity, and many concepts exclude a notable amount of diversity recognized today. While usually viewed as counterproductive and confusing, in reality these varied concepts greatly enhance our efforts in discovering, understanding, and conserving biological diversity if they are viewed in a hierarchical manner with a single primary concept and multiple secondary concepts. In this hierarchy the primary concept of species is theoretical and should be employed by all biologists, institutions, and organizations working with species. All other concepts are secondary, operational guidelines simply outlining the types of diversity you are willing to recognize as biological species. These definitions are simply the various ways or operations that one must employ to discover species that are consistent with the primary concept. The theoretically appropriate concept tolerant of the abundant types of species diversity provides the guidance necessary to develop and employ secondary operational concepts or tools for identifying diversity. Of all the concepts currently recognized, only the non-operational Evolutionary Species Concept corresponds to the requisite parameters and, therefore, must serve as the theoretical concept appropriate for the category Species. As operational concepts, the remaining ideas can be notably incompatible with one another in their ability to encompass species diversity. However, these concepts do serve a vital role under the ESC as fundamental tools necessary for discovering diversity compatible with the primary theoretical concept. Thus, this system promises both the most productive framework of mutual respect for varied concepts and the most efficient unveiling of species diversity.


The temporal and spatial history of descent reflects processes responsible for both the origins of and current maintenance of species and their inherent attributes or characteristics.  Insight into the historical origins of species and infraspecific entities and the characteristics (morphological, genetic, behavioral, ecological, etc.) is paramount to interpreting and understanding diversity. If we can evaluate diversity, character variation and evolution, and speciation (= biodiversity) within an historical framework, then we are better able to delineate species and infraspecific entities, identify and differentiate situations of intergradation versus hybridization, and distinguish between cases of gene flow between entities not representing species and variation possessed by a shared-ancestral species that has only been “passed on” to its descendants (e.g., real species). Without the historical perspective to evaluate diversity, character variation and evolution, and speciation, we will often error in our interpretation of biological diversity by misunderstanding our observations of patterns of character variation and improperly inferring conclusions of character evolution. Under this ahistorical paradigm character variation within and between species often is viewed as confusing, uninformative, and without biological significance. The ultimate consequence to adhering to this latter practice will be the devaluation of some biological diversity and its eventual loss through lack of conservation and protective measures. The ahistorical approach is commonly practiced by some taxonomists and especially in population genetics, a discipline that is largely incapable of interpreting the historical evolution of characteristics (genetic or otherwise) possessed by species and the origin of species.


Phylogenetic Systematics provides the only demonstrably accurate philosophy and set of methods designed to recover historical patterns of descent for infraspecific entities, species, and supraspecific groups. This method of systematic biology also provides an efficient means through which one can reconstruct and corroborate patterns of species relationships and the evolutionary histories of the attributes possessed by elements of biological diversity. By using the methodology outlined through phylogenetic systematics educators, researchers, conservationists, and managers can more accurately compare closest relatives of organisms and understand the origins of character variation that currently exists in taxa. Unlike the ahistorical approach described above, this methodological approach prevents misinterpreting character variation occurring in present-day infraspecific entities or species as something different from its natural occurrence (e.g., hybridization, intergradation, etc.) and best assists us in our needed goals for conserving biodiversity.


Species are fundamental in the evolution of biodiversity because they are viewed, since Darwinism, as the nuclear elements of evolution. Thus, understanding species and assimilating their evolution through the phylogenetic systematic method are fundamental progressional links to understanding, conserving, and managing diversity and biological systems. At least 22 different “concepts” have been proposed to account for species. Most of these concepts are notably incompatible in their abilities to account for biological diversity (e.g., many concepts will inappropriately exclude diversity that is recognized by other concepts). Much of the traditional turmoil embodied in the “species problem” can be overcome, and a revolution of systematic, population, and evolutionary biology is possible with this new hierarchical perspective.  


In these times of consideration of our shared responsibilities for our shared resources, it is important to realize that these responsibilities extend to the heart of our livelihoods. That is, the organisms and taxa that we depend upon and work with, and their evolutionary histories.  By using non-phylogenetic methods and the traditional, non-productive and confrontational view of species, we would be negligent in our responsibilities to these resources. Namely, many species would never be recognized, understood, utilized, or conserved. Only with input from theories embodied in Phylogenetic Systematics and the Evolutionary Species Concept can all naturally occurring biodiversity, as presently understood, have the opportunity to be recognized and preserved.

NOTES:
THE BIOLOGICAL SPECIES CONCEPT AND THE CONSERVATION OF FRESHWATER GASTROPODS 

Robert T. Dillon, Jr. 

Department of Biology, College of Charleston, Charleston, SC  29424
Since the birth of the Modern Synthesis, the term “species” has been applied to describe a population or group of populations reproductively isolated from all others. Recently a vocal minority of evolutionary biologists has begun to advocate a variety of phylogenetically-based alternatives to this widely accepted (“biological”) species concept, suggesting that phylogenetic methods may identify “evolutionarily significant units” more appropriate for conservation than biological species. Here I review three cases where the application of phylogenetic techniques would yield unfortunate management outcomes, failing to identify legitimately endangered species while suggesting protection for widespread invasive pests. 

Goniobasis proxima is a pleurocerid snail common in small streams of the mountains and piedmont from southern Virginia to north Georgia. Although isolated populations of G. proxima often share no alleles at multiple allozyme-encoding loci, transplants and artificial introductions have demonstrated no reproductive isolation. Dillon and Frankis (in press) sequenced 16S and CO1 mitochondrial genes from three individual snails representing each of three G. proxima races, as well as individuals from the related species G. catenaria and G. semicarinata.  Sequence divergence among populations was high, ranging between 10% and 18% both within and between species. Two G. proxima individuals collected from the same rock proved to be 14% different in their 16S sequence and 17% different for CO1. Phylogenetic analysis under the parsimony assumption yielded an erroneous classification, suggesting multiple “evolutionarily significant units” per population.

Physa acuta is a cosmopolitan pulmonate snail, probably native to North America but now introduced throughout the Old World. It is a pest in aquaria and water gardens, and has been reported to clog trickling filters in sewage treatment plants. Wethington, Rhett & Dillon (in prep) obtained 16S and CO1 sequences for 24 individuals from a single randomly-breeding population of P. acuta in the Charleston area. Four individuals in this sample differed at approximately 34% of their nucleotide bases from the other 20 snails for both genes. Although such observations have little consequence under the biological species concept, phylogenetic analysis would suggest that this small set of four common invasive snails constitutes a rare, cryptic species.

The pleurocerid genus Lithasia contains several narrowly restricted and possibly endangered species. The Duck River of central Tennessee is an especially critical habitat for Lithasia, with some authors recognizing as many as five species, others as few as two. The phylogenetic analysis of mitochondrial CO1 sequences performed by Minton & Lydeard (2003) was unable to resolve any clades in a sample of 19 Duck River Lithasia representing five nominal species and subspecies. This prompted the authors to synonymize the entire Duck River fauna under the single nomen, Lithasia fuliginosa. But a large, systematic sampling program has demonstrated significant disequilibrium between certain aspects of shell morphology and gene frequencies at three allozyme-encoding loci in the Duck River Lithasia, clearly signaling reproductive isolation between the tuberculate L. geniculata and the more angular and spiny L. duttoniana population with which it co-occurs. Two biological species of Lithasia inhabit in the Duck River, one of which is an apparent endemic entirely obscured by the phylogenetic approach of Mitton & Lydeard (2003).

The appeal of phylogenetically-based species concepts arises from (1) cladistic thinking, (2) over-reliance on molecular (usually mitochondrial) markers, and (3) small sample size. The units identified as “evolutionarily significant” by phylogenetic analysis are typologically based and subjective in their assignment. Only the biological species concept can serve as a meaningful basis for conservation.
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NOTES:
INTEGRATING ECOLOGICAL, LIFE HISTORY, AND GENETIC DATA IN THE IDENTIFICATION OF CONSERVATION UNITS

Robin Waples 

Northwest Fisheries Science Center, 2725 Montlake Boulevard East, Seattle, WA 98112

Two major steps can be identified in the process of defining conservation units. First, the major components of biological diversity within species are characterized, and the evolutionary components are described. This step is fundamentally a biological exercise and, in theory at least, simply involves the objective characterization of underlying biological realities. In practice, virtually every step in the process is accompanied by active debate among scientists as to the best approach. The second step requires a decision about where on the continuum of biological relationships to “draw the line” in terms of identifying conservation units. Should formal conservation units be geographically extensive and focus primarily on large differences (with the consequence that the units may be internally heterogeneous), or should the formal units be scaled to avoid lumping subunits with any detectable differences? Because all levels of biological diversity have intrinsic importance, there is no single “right” answer to this question. Rather, the appropriate level for consideration in a particular application must be guided by external factors that involve much more than biology – for example, legal mandates, societal values, economics, and conservation goals. Ideally, the choice of the appropriate scale for defining conservation units should be guided by clearly articulated goals of what the exercise is trying to accomplish.

Identification of conservation units of Pacific salmon (Oncorhynchus spp.) provides an example of the use of these principles to a real-world problem in applied conservation biology. The U.S. Endangered Species Act (ESA) allows listing of ‘distinct population segments’ (DPSs) of vertebrates as threatened or endangered ‘species’, but provides no guidance regarding how to determine what is a population ‘segment’ or when it is ‘distinct’. To provide guidance and consistency in ESA listing determinations for Pacific salmon, the National Marine Fisheries Service developed a policy for identifying DPSs based on the concept of Evolutionarily Significant Units (ESUs). A two-part test is used for identifying salmon ESUs: 1) substantial reproductive isolation from other conspecific units, and 2) substantial contribution to the evolutionary legacy of the species as a whole. Legislative and legal guidance of the ESA provided a context for interpreting how “substantial” these differences would have to be to justify consideration as separate ESA “species”. The ESA provides legal protection for species that are at risk of extinction. The salient feature of extinctions is that they are irreversible, and they are irreversible because they involve the permanent loss of unique genetic resources. Therefore, definition of conservation units for salmon was guided by the general goal of identifying the major components of genetic diversity within each species.

Molecular genetic information (allozymes and DNA data) has played a major role in defining conservation units in many taxa. If the common presumption is true that these molecular genetic data are largely neutral with respect to natural selection, observed patterns of divergence can be interpreted directly in terms of a balance between the forces of genetic drift and gene flow. Genetic data thus provide a window into the past and a means for assessing the strength and duration of patterns of isolation among different population groups. For salmon, molecular genetic data were therefore used primarily to address the ‘reproductive isolation’ criterion. A major limitation of molecular genetic data is that they generally provide no direct information about processes related to fitness or adaptation – which are also key components of genetic diversity. In evaluating the second ESU criterion, therefore, we relied heavily on ecological and life history diversity as proxies for adaptive genetic differences. The physical and biotic features of a species’ habitat have a strong influence on many evolutionary processes that can lead to genetic differentiation. For anadromous species such as salmon, habitat features must be capable of supporting a complex series of life history stages that must be precisely timed to allow the population to complete its freshwater growth, migration to sea, extensive migrations in the marine phase, return spawning migration, and successful reproduction. Features such as waterfalls or cataracts that are passable only in certain months of the year can have a particularly strong influence on successful life history trajectories (e.g., by selecting for adults that return to spawn during a season when stream flow is sufficient to allow the barrier to be surmounted). The major reason to consider life history traits in defining conservation units is that these are the traits most likely to be directly associated with fitness and local adaptations. Virtually every life history trait that has been rigorously examined in salmon has been found to have at least a partial genetic basis. On the other hand, it is also true that every salmon life history trait that has been examined has been shown to be strongly influenced by environmental conditions. Sorting out the relative importance of genetics and environment in determining the expression of life history traits in salmon is one of the most challenging parts of defining conservation units. Similarly, habitat differences allow for the possibility of adaptive divergence, but by themselves provide no direct evidence that such divergence has occurred. Therefore, these proxies for adaptive genetic diversity must be evaluated with caution in defining conservation units.

With Pacific salmon, we used a holistic approach that considered all available information on genetics, ecology, and life history (and, as available, behavioral, physiological, etc., data). ESU boundaries were considered the most robust when multiple lines of evidence indicated patterns of divergence that were geographically congruent. Some geographic areas that were consistently associated with divergence in genetic, ecological, and life history features across multiple species included Puget Sound, the lower Columbia River, the interior Columbia River (upstream of the Cascade Crest), Cape Blanco (in Southern Oregon), and the California Central Valley. In cases of non-congruence, professional judgment was used to determine which type of data to weight most heavily.

Joint consideration of life history and genetic data proved to be a powerful means of identifying traits that had evolved repeatedly by a process of parallel evolution. In these cases, the same traits appear repeatedly in many divergent genetic lineages, indicating that they must have arisen more than once. Notable examples of parallel evolution include adult run timing (timing of entry into freshwater on the spawning migration) in Chinook salmon and steelhead and resident vs. anadromous forms of O. mykiss and O. nerka. In these cases, the life history differences were generally considered to reflect intra-ESU diversity.

The contrast between the levels of molecular genetic and adaptive genetic diversity in anadromous vs. freshwater fishes illustrates the importance of considering both types of diversity. A review of published allozyme and DNA studies has shown that levels of genetic divergence among freshwater fish populations are considerably larger than among populations of anadromous or marine species – in accordance with the much stronger opportunities for isolation in the terrestrial environment. However, a review of a large number of attempts to transplant Pacific salmon populations shows that the vast majority are unsuccessful in producing new populations, while successful transplants of various trout species are very common. Thus, Pacific salmon populations are, in general, not ecologically exchangeable, at least on human time frames. In contrast, freshwater fish populations are more strongly divergent at neutral genetic markers, but often are ecologically exchangeable. Which of these traits is more important to focus upon in identifying conservation units is an active area of debate within the scientific literature. 

NOTES:
 SEQ CHAPTER \h \r 1QUANTITATIVE GENETICS AND CONSERVATION: APPLYING A PROVEN TOOL TO EMERGING PROBLEMS

Jeffrey J. Hard
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Quantitative genetics constitutes a set of powerful approaches for investigating inheritance and evolution of phenotypes. Although some of these approaches were readily adopted by plant and animal breeders as they developed in the early 20th century, these approaches were not appreciated by many evolutionary investigators until much later. The primary objectives of quantitative genetics include:
· Characterizing the nature of quantitative trait variation

· Estimating individual contributions to population characteristics

· Identifying consequences of inbreeding and outbreeding

· Understanding constraints on evolutionary process

· Developing predictive models for evolutionary change

Quantitative genetics has not yet been widely applied to conservation issues. There are several reasons for this, foremost among them the problem of accurately characterizing genetic relationships among wild individuals and the difficulty in establishing breeding designs that can estimate quantitative genetic parameters with adequate precision. Nevertheless, I will argue that quantitative genetics has much to offer the conservation biologist. Its focus on adaptation and the evolutionary consequences of phenotypic variation and the rapidly developing integration of molecular and quantitative genetic tools to characterize the genetic architecture of phenotypic variation both mean that quantitative genetics can provide valuable tools for conservation.

In this paper, I describe two quantitative genetic studies I am conducting on inbreeding and outbreeding depression in Pacific salmon that illustrate the value and limitations of quantitative genetic approaches to problems in conservation.

Inbreeding Depression

Inbreeding, the mating of close relatives, is a potent force for evolutionary change, but surprisingly, its dynamics in and consequences for several species of conservation concern are not well documented. Several species and subspecies are in steep decline. Although these declines may arise from many factors, avoidance of inbreeding and maintenance of genetic variability should be paramount considerations in conservation and management because genetic variation is essential to future adaptations. This is especially true for programs that involve captive culture. Attempts to conserve and recover imperiled populations must take such genetic concerns into account to minimize problems that can occur during intervention. Anadromous salmonids have received surprisingly little attention as a system to study inbreeding and its consequences. Most studies published to date have focused on the consequences of close inbreeding for growth and survival in captive freshwater species, especially rainbow trout. The dearth of work on anadromous fishes is striking in the face of growing concerns about genetic effects of declining abundance and artificial propagation in these species. The lack of attention to salmonid inbreeding results in part from the longevity and complex life history of anadromous fish, which complicate the requisite breeding studies.

Despite the paucity of work on inbreeding, some patterns are emerging from available studies. First, salmonids respond to inbreeding and exhibit inbreeding depression. Under an assumption of a linear relationship between inbreeding coefficient and phenotype, the reduction in phenotype with respect to fitness per 10% increase in inbreeding (for modest levels of inbreeding) ranges from about 3-15% under rapid inbreeding and 1-5% under slow inbreeding. The salmonid values are similar to those observed for other species. Inbreeding depression therefore appears to depend on the rate of inbreeding across a variety of taxa. Second, the variability in estimates of inbreeding undoubtedly reflects diverse background and genetic histories of the strains evaluated in these studies. Third, although the relationship between inbreeding depression and coefficient of inbreeding may vary appreciably among species and traits, available evidence indicates that salmonid survival and growth during early life history can show responses to moderate levels of inbreeding. Nevertheless, the mechanisms and many of the consequences of inbreeding in salmonids remain elusive.

Therefore, in 1994 we initiated a study of inbreeding and its consequences in Puget Sound fall Chinook salmon to elucidate these processes. Although this study has not yet implemented a full generation of inbreeding, preliminary results indicate that inbreeding depression in freshwater and early marine survival and growth can occur within one generation of full-sib mating. However, the results are highly variable. Effects of inbreeding on developmental stability and survival to adulthood show some interesting patterns. In our study, offspring of inbred fish showed lower asymmetry in bilateral character counts than offspring of non-inbred fish. Nevertheless, offspring of full siblings survived to adulthood at much lower rates than offspring of either half siblings or unrelated parents (which had similar survival rates).

The population structure of anadromous salmon, when combined with frequently small population sizes and precise homing to natal streams, provides ample opportunity for inbreeding to occur. However, this opportunity can be magnified considerably under human intervention, and especially in captive broodstock programs. For example, matings among full- and half-siblings can occur rapidly in a small captive broodstock established from a relatively few number of founders unless care is taken to avoid them. To what extent or at what point this practice would reduce productivity in the broodstock and increase extinction risk for an associated natural population is not yet known. Future research on the consequences of reduced genetic variability for salmon should focus on determining the traits most sensitive to inbreeding, comparing inbreeding depression in captive and hatchery populations, characterizing inbreeding depression over the entire life history, comparing responses to slow and rapid inbreeding, and evaluating selection as a means of purging to reduce adverse fitness consequences of inbreeding. Until these issues are resolved, managers should limit opportunities for inbreeding. Breeding practices that maintain large effective broodstocks that are representative of the population remain important to minimize unwanted genetic change. Schemes that maximize genotypic combinations in the progeny each breeding season should be encouraged, and these practices should be directly coupled to regular genetic monitoring.

Outbreeding Depression

Outbreeding depression is a loss of fitness from either a reduction of the frequencies of favorable alleles or from the disruption of “coadapted” allelic combinations. By contrast with inbreeding depression, it is a possible consequence of breeding among individuals that are distantly related. Empirical evidence of outbreeding depression—indications of the extent to which fitness is lost and of the conditions under which it would occur—is sparse, particularly concerning outbreeding depression resulting from disruption of coadapted alleles because it is typically manifested only in the second and later generations after outbreeding. Experimental evidence suggests that outbreeding depression as a consequence of the disruption of coadapted allelic combinations can occur when the reproductive barriers between genetically different populations are removed, such as that between even-year spawning and odd-year spawning pink salmon (Oncorhynchus gorbuscha) or between pink salmon populations separated by considerable geographic distance. Empirical evidence of the effect of outbreeding on the fitness of populations with greater opportunity for contact is sparse or lacking. We established a study in 1997 that examines the effects of outbreeding accomplished by experimentally crossing members of three populations of coho salmon (O. kisutch) native to different parts of the same region, and observed survival during two life phases of second-generation offspring, embryonic development and the oceanic excursion of juveniles as they developed from smolt to mature adult.

In our study, we have found no evidence of depressed survival during late embryogenesis of second generation outbred coho salmon compared to hybrid controls and parental controls. About a third of the phenotypic variation of survival was due to effects of females; little was due to effects of males. We observed significant variation among 15 hybrid crosses but not among parental and hybrid controls. We found no evidence of depressed survival at sea of second-generation outbred fish compared to parental and hybrid controls. Among recoveries of tagged fish, we detected no evidence of heterogeneity among the crosses. We found no evidence of heterogeneity of recovery rate among parental controls, hybrid controls, and second-generation outbred groups; we also found no evidence of heterogeneity in recovery rate in both kinds of controls and the outbred groups, or between the three parental control crosses. There was no evidence of heterogeneity in survival among second-generation outbred crosses.

The apparent lack of outbreeding depression of survival in this study may reflect a common recent ancestry of the parental populations—i.e., a shared coadapted set of alleles that has not substantially changed in its architecture in any of the populations since the populations have diverged. Although outbreeding depression from differences in local adaptations to the different natal streams appears to have affected these crosses in development time and embryonic survival, these effects are not apparent in survival over the entire life cycle.

Resource managers enforce policies intended to prevent outbreeding depression in natural populations of salmon, in particular by restricting transport of salmon or salmon gametes from one region to another in the establishment of hatchery broodstocks, but they continue to debate what conditions ought to apply to those restrictions. The underlying concern is that chronic straying from a hatchery broodstock and interbreeding with natural populations will lead to outbreeding depression in the natural populations. Other research has indicated that interbreeding of genetically isolated or distantly separated (ca. 1000 km) populations of Pacific salmon can lead in the second generation to detectable depression of survival during the marine life phase. Interpretation of the results reported here, that distances on the order of 300 km between coho salmon spawning populations are not associated with detectable outbreeding depression and therefore do not present a risk of disruption of coadapted allelic combinations, should be considered cautiously. The power of this study is limited, and it may not have yet captured all the biologically significant losses of fitness that could be expressed in second-generation outbred salmon.

The Problems and Opportunities of Quantitative Genetic Studies

In some key ways, both of these studies typify a quantitative genetic approach to problems in evolution and conservation. They are conceptually simple with a strong theoretical foundation, but logistically challenging, expensive, and protracted. They can provide quantitative information on the consequences of manipulating populations and the genetic basis underlying these consequences. At present, they remain the most effective means of characterizing phenotypic changes and fitness consequences associated with breeding. The great advances that are being made in molecular techniques can augment the contributions of these studies, but these techniques are not necessary—and cannot substitute for—the “brute force” manipulations that quantitative genetics employs to address these issues. Meantime, when they are feasible to implement, quantitative genetic studies can lend valuable insight into the factors affecting adaptation and viability.
NOTES:
EFFECTS OF HATCHERIES AND CULTURED ORGANISMS ON NATURAL POPULATIONS

John Epifanio

Center for Aquatic Ecology, Illinois Natural History Survey, Champaign, IL 61820

Artificial propagation of mussels and non-game fishes (often as species of concern) is increasingly being used or proposed as a conservation and restoration tool.  Generally, propagation activities include the directed release of artificially propagated young into the wild with the goal of re-establishing or supplementing self-sustaining populations.  Associated with these releases are a number of ecological and evolutionary genetic risks that require attention if a truly conservation-oriented outcome is desired (Table 1).  Direct genetic effects include loss of allelic and genotypic diversity, outbreeding depression, and in the extreme case, genetic extinction. Indirect genetic effects – manifested as loss of genetic diversity, reduced effective population size, and changed genotypic frequencies – might be mediated by ecological interactions, harvest in mixed-stock fisheries, and alteration of selection regimes.  The specific nature or whether any or all of these risks are realized will vary with individual cases, and depend on variables such as length of captivity, phylogenetic origin of propagated stocks, size of founding population, breeding and rearing systems, and other issues.


I illustrate the kinds of evolutionary genetic risks in a matrix where seven categories of primary propagation activity (conservation, supplementation, mitigation, intentional introduction, put-and-take, commercial captive rearing, experimental) are linked to important genetic considerations (hazards or risks) related to resident and cultured taxa (Table 2). I focus specifically on impacts from released individuals on their wild and native conspecific counterparts. Such impacts include intraspecific displacement, trophic shifts, intraspecific competition, and predation. The magnitude of any effect will depend on a number of related variables including: scale of releases relative to resident populations; duration of releases; similarity of genetically influenced life-history characters; reproductive success of releases relative to resident populations; magnitude of straying or other sources of migration; and complexity, number, or percentage of populations within a metapopulation exposed to releases (Grant 1997 and references therein).

Using published examples, I examine both the frequency of occurrence and the biological implications of situations in which released cultured fish have had direct genetic effects through introgressive hybridization, as well as indirect genetic effects such as those induced through disease transfer, induced over-harvest, and displacement. These examples are contrasted with those instances where propagation activities have coexisted in harmony with underlying concerns related to issues of conservation genetics.

Table 1.  Potential direct and indirect genetic effects of released, cultured fish on recipient populations (Reference:  Utter, F. and J. Epifanio.   Marine aquaculture: genetic potentialities and pitfalls.  Reviews in Fish Biology and Fisheries 12: 59–77, 2002).

	Mediating mechanism
	Primary genetic outcome
	Cause
	Test
	References

	Direct genetic effects 



	Supportive breeding
	Reduced effective population size (Ne) and resultant reduction in allelic and genotypic diversity from artificial propagation of a small proportion of a population to enhance the entire population (i.e., the “Ryman-Laikre effect”); highly dependent on genetic management of hatchery population.
	Unequal or selective reproduction in broodstock increases family-size variance and “swamps” the total population with cultured-offspring genotypes.


	Compare Ne of supported and unsupported populations of similar demographic sizes.
	Ryman and Laikre, 1991; Ryman, 1991; Waples and Do, 1994; Hedgecock, 2002

	Outbreeding   depression, Type I
	Disruption of local adaptive landscape; lowering of population fitness.
	Selection against intermediate/altered phenotypes due to change in additive genetic variance.
	Compare fitness in “common garden” situations for parental and hybrid offspring. 
	Philipp and Claussen, 1995; Reisenbichler and McIntyre, 1977 

	Outbreeding depression,   Type II
	Disruption of coadapted genome; lowering of population fitness.
	Selection against recombinant genomes due to change in non-additive genetic variance (loss of epistatic interactions).
	Compare fitness of second and subsequent generations of introgression.
	Gharrett and Smoker, 1991, 1999; Utter, in press

	Genetic extinction
	Erosion of taxonomic identity through introgression of divergent parental genomes.
	Recombination of genomic arrays and creation of hybrid swarms.
	Examine the propensity for introgression and the positive relative fitness of introgressants.
	Leary et al., 1995.

	
	
	
	
	

	Indirect genetic effects



	Ecological interference       (including disease, competition)
	Reduction of gene/allelic diversity and effective number of breeders.
	Accelerated drift due to reduction in population size (increased fragmentation).
	Compare Ne (1) of populations before and after releases, and (2) of affected and unaffected populations.
	Waples and Teel, 1990; Waples et al., 1990; Nickelson et al., 1986

	Mixed-stock fisheries 
	Further reductions in effective numbers and genetic diversities of small populations.
	Harvesting that permits  adequate escapements of large cultured populations imposes excessive harvest rates on intermingling, reproductively isolated, smaller wild populations.
	Check for (1) declining stock recruitments of natural populations concurrently harvested with more abundant cultured fish and (2) the presence of native fish with more abundant cultured stocks detected by NSA during harvests.
	Pella and Hilner, 1987; Utter and Ryman, 1993

	Altered selection regimes from introductions
	Genotypic and phenotypic modification of natural populations.
	Habitat changes and metapopulation disconnectivities imposed by 
	Compare historical and present distribution; determine if, presently, disjunct groups are members of common metapopulations.
	Waples 1991; Spruell et al., 2000


Table 2.  Summary of genetic and ecological risks to resident or recipient populations associated with each of the aquacultural models.  



Symbols:  +, positive risk requiring assessment and consideration; --, “negligible” risk.  
Direct Effects
Indirect Effect


	Effect/Impact

Model
	Stock Origin
	Ryman-Laikre Effect
	O. D. - Type I
	O. D. - Type II
	Gene Pool 

Extinction
	Drift or Inbreeding Depression
	Ecological Impact
	Disease Impact

(pathogen source & transmission)

	Conservation Aquaculture
	Local stock w/ interbreeding
	+
	-- 
	-- 
	-- 
	-- 
	Intra-spp. displacement 
	Local, horizontal or vertical transmission

	Supplementation Aquaculture
	Local stock w/

interbreeding

Stock transfer w/ interbreeding

Either w/o interbreeding
	+

-- 

-- 
	-- 

+

-- 
	-- 

+

-- 
	-- 

+

-- 
	-- 

+

+
	Intra-spp. displacement 

Trophic shifts

Intra-spp. competition
	Local, horizontal or vertical transmission

Transfer, horizontal or vertical

Local or transfer, horizontal

	Mitigation

    Aquaculture
	Local stock w/

interbreeding

Stock transfer w/ interbreeding

Either w/o interbreeding
	+

-- 

-- 
	-- 

+

-- 
	-- 

+

-- 
	-- 

+

+
	-- 

+

+
	Intra-spp. displacement 

Trophic shifts

Intra-spp. competition
	Local, horizontal or vertical transmission

Transfer, horizontal or vertical

Local or transfer, horizontal


	Introduction Aquaculture


	Exotic “Species”
	-- 
	+
	+
	+
	+
	Inter-spp. competition, predation, trophic shift 
	Transfer, horizontal or vertical transmission

	Put – take Aquaculture
	Local stock w/

interbreeding

Stock transfer w/ interbreeding

Either w/o interbreeding

Exotic
	+

-- 

-- 

-- 


	-- 

+

-- 

+
	-- 

+

-- 

+
	-- 

+

-- 

+
	-- 

+

+

+
	Intra-spp. displacement

Trophic shifts

Intra-spp. competition

Inter-spp. competition, predation, trophic shift
	Local, horizontal or vertical transmission

Transfer, horizontal or vertical

Local or transfer, horizontal

Transfer, horizontal or vertical

	Commodity Aquaculture
	Local stock

Distant stock

Exotic 


	+

-- 

-- 
	-- 

+

+
	-- 

+

+
	-- 

+

+
	-- 

+

+
	Intra-spp. displacement 

Trophic shifts

Inter-spp. competition, predation, trophic shift
	Local, horizontal or vertical transmission

Transfer, horizontal or vertical

Transfer, horizontal or vertical


	Experimental Aquaculture
	Local stock w/

interbreeding

Stock transfer w/ interbreeding

Either w/o interbreeding

Exotic
	+

-- 

-- 

-- 


	-- 

+

-- 

+
	-- 

+

-- 

+
	-- 

+

-- 

+
	-- 

+

+

+
	Intra-spp. displacement

Trophic shifts

Intra-spp. competition

Inter-spp. competition, predation, trophic shift
	Local, horizontal or vertical transmission

Transfer, horizontal or vertical

Local or transfer, horizontal

Transfer, horizontal or vertical
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PROPOSED GENETIC MANAGEMENT GUIDELINES FOR CAPTIVE PROPAGATION OF FRESHWATER MUSSELS (UNIONOIDA)
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Freshwater bivalves of the superfamily Unionoida comprise the most imperiled group of animals in the United States, with 35 species extinct and 70 species listed as endangered or threatened. To prevent additional species losses, biologists have developed methods for propagating juvenile mussels for release to restore or augment wild populations. Since 1997, mussel propagation facilities in the United States have released over 1 million juveniles of more than a dozen endangered species, and survival of juveniles 1-3 years of age in the wild has been documented. With the prospect of continued growth of these programs, agencies and facilities involved with mussel propagation must consider the genetic implications of releasing captive-reared progeny. Preservation of genetic diversity will require genetic analysis of wild populations to identify and conserve valid species, subspecies and distinct populations. Hatchery protocols must be established to prevent artificial selection and other genetic risks affecting adaptive traits of progeny released to the wild. Genetically cognizant guidelines for propagation and stocking have been put forward for fishes (Miller and Kapuscinski 2003), but not yet for mussels. Against this background, we discuss and propose guidelines to assess taxonomic status, genetic variation of donor and recipient populations targeted for augmentation, and laboratory and field protocols to maximize genetically effective population size, minimize genetic changes in captive-reared progeny, and prevent the release of juvenile mussels into inappropriate drainages. We advocate a pragmatic approach to species recovery that incorporates principles of conservation genetics into breeding programs, and prioritizes the immediate demographic needs of critically endangered species.   
    
Propagation should be viewed as a recovery tool, integrated within larger ecosystem management programs involving habitat protection and restoration. Propagation of endangered mussel species is not a substitute for addressing factors responsible for their decline or assuring the suitability of habitat for restoration efforts. Hence, threats to population persistence should be identified and corrected prior to implementing captive propagation of a species.
     
A well-accepted definition of species is needed to provide a conceptual framework for testing species-level boundaries among populations. The Biological Species Concept (BSC) and the Phylogenetic Species Concept (PSC) are used most frequently by biologists, and offer testable criteria to delineate taxa, although other species concepts also have been proposed (Mayden and Wood 1995). Species boundaries should be investigated using appropriate character sets while regarding species concept(s) as a testable hypothesis. Species designations should be assessed using multiple independent characters, including genetics, morphology, life history, behavior and distribution.
    
Several concepts and definitions have been proposed to define taxonomic or phylogenetic units below the level of species for conservation purposes. An evolutionarily significant unit (ESU) is "a population (or group of populations) that: (1) is substantially reproductively isolated from other conspecific population units, and (2) represents an important component in the evolutionary legacy of the species" (Waples 1991). Alternatively, a population is an ESU if: (1) the population exhibits unique forms of mtDNA not shared with other populations of that species (reciprocal monophyly), and (2) the population is characterized by significant divergence of allele frequencies in the nuclear genome (Moritz 1994). Management units (MUs) are populations that are genetically distinct, but not as divergent as ESUs or subspecies, and that warrant conservation status. Management units are identified as populations with significant divergence of allele frequencies at nuclear or mitochondrial loci, even if alleles are not completely diverged or monophyletic (Moritz 1994). Unique populations of a species should be identified using data on phenotypic, life history and genetic characters, and analyzed using an appropriate population-level concept as a testable hypothesis. Genetic characterization of mussel populations should assess phenotypic and genetic variation within and among populations using multiple, independent genetic markers. Populations that qualify as ESUs or subspecies should be managed as separate conservation units whenever possible. Populations that qualify as MUs should be managed to maximize retention of genetic diversity throughout the range of a species.      
     
As conservation units are identified, the focus of recovery efforts for some species will shift to artificial propagation to produce and release numbers of juvenile mussels of suitable physiological and genetic quality to alleviate the immediate threat of extinction, demographically boosting populations to self-sustainability. Accomplishing this goal will require restoration, augmentation and protection of viable populations of targeted species and their habitats. Restoration requires the re-establishment of populations into historic habitats from which the species has been extirpated, while augmentation requires rehabilitating demographically depressed populations with hatchery-reared progeny. To achieve these goals, propagation programs will need to adopt guidelines to protect and maintain genetic diversity within and among populations of a species prior to initiating artificial propagation activities. Each mussel species targeted for recovery using propagation technology should have a recovery plan (USFWS 2000, 2003) that defines: (1) necessity of genetic characterization of remaining populations, (2) number of populations to be augmented or reintroduced to effectively recover the species, (3) appropriate locations for release of juvenile mussels, (4) number of juveniles to be released per year at a site, (5) number of gravid females to be collected per year for broodstock, and (6) field and laboratory protocols to minimize genetic risks incurred by recovery activities.
    
Personnel involved with the design and implementation of hatchery supplementation programs need to recognize genetic hazards, and understand how to avoid or minimize risks associated with propagation activities of targeted species. A hazard is an adverse genetic consequence of hatchery activities on a population, while a risk is the probability that a hazard will occur. The four types of genetic hazards are: (1) extinction, (2) loss of within-population genetic variation, (3) loss of between-population variation, and (4) domestication selection (Busack and Currens 1995). To minimize genetic risk, we propose the following guidelines. Collection of gravid female mussels for augmentation ideally should come from the natal river, or from the closest viable population, and for restoring a species into historic river habitat from the closest adjacent river or watershed. Managers should establish an appropriate number of gravid females to be collected each year from a small population for propagation, and monitor the survival and recruitment of artificially propagated juveniles when feasible. Increasing population density to alleviate the immediate demographic and environmental threats to small populations of endangered mussel species in the initial stages of recovery will generally be of higher priority than managing for increasing genetically effective population size or genetic diversity. That said, culturists should maintain largest feasible genetically effective population size Ne of captively-reared juvenile mussels by collecting an appropriate number of gravid adult females each year to use as broodstock, and when feasible, by rotating broodstock year by year. Culturists should reduce artificial selection during propagation and culture of juvenile mussels by mimicking life history processes, diet, and habitat of a targeted species as closely as possible in the hatchery. Protocols to prevent mixing of species or stocks through inadvertent exchanges of juveniles on laboratory equipment are important to protect genetic resources of freshwater mussel populations. Managers should release an appropriate number of juvenile mussels at release sites to maximize effective population size, and of an adequate size to maximize survival in the wild and minimize the effects of domestication selection in the hatchery.
     
While we advocate application of the principles of conservation genetics in recovery efforts for freshwater mussels, they should be recognized as guidelines and not as goals. Because of the many unknowns in mussel biology and uncertainties in long-term effects, hatchery programs should be treated as adaptive management experiments, with careful attention to the monitoring and re-evaluation of goals and protocols to maximize the probability of success.                      
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CASE STUDY PAPERS
WHICH SPECIES, WHICH COMMUNITIES? THE APPLICATION OF CONSERVATION GENETIC DATA TO THE ASSESSMENT AND MANAGEMENT OF IMPERILED FISHES
Robert M. Wood

Department of Biology, Saint Louis University, 3507 Laclede, Saint Louis, MO  63103-2010
The loss of biodiversity in aquatic ecosystems continues to be an under-appreciated problem. Increasing demands and impacts on watersheds from anthropogenic sources have combined in a unique way to create a greatly imperiled environment for many aquatic organisms.  When faced with limited resources in a number of areas including time, money, and an increasing demand that water resources be managed for purposes other than biodiversity, decisions must be made and priorities must be set to determine which populations of endangered fishes will be given the highest priority for conservation efforts. Increasingly, these decisions are being made on the basis of genetic data inclusive of a variety of methodologies but primarily coming from two classes of data: microsatellite DNA and mitochondrial DNA sequences.  Interpreting the data provided by geneticists often can be a confusing task, as: 1) there is not a universally accepted set of markers available, 2) there is no guarantee that the same set of markers will perform equally well across all sets of taxa, 3) baseline genetic variability within many species is only poorly understood, 4) data are presented with an increasingly complex array of analyses, and 5) often there is little attention given to the phylogenetic relationships of target species and how they fit into the broader pattern of diversity within the group. Those responsible for making management and policy decisions regarding conservation for imperiled species are often caught between issues of political expediency and what is truly a “best circumstance decision.” Given the problems listed above, these decisions will quite often be made with limited data and an incomplete understanding of the full array of variability within the species and an understanding of what the variation observed actually means for purposes of developing a management plan. Without specific guidelines, and a variety of data surrounding the aforementioned areas, such decision-making is both complex and risky.  While in principle, it is easy to hold as an objective the maintenance of “maximal amounts of genetic variation” or “preservation of individual stocks”, adopting a sound management strategy to realize these or any similar goal is difficult unless the right type of data is collected. Further, unless these data are completely understood by all parties participating in the decision-making process, problems are likely to ensue.

In this presentation, I will argue that 1) different data types are of varying utility depending on the scale of the question being posed, 2) baseline data regarding genetic variation of the target taxon across the entire range of its distribution is required, and 3) it is difficult to make sound management decisions without robust phylogenetic hypotheses for target species.  By referring to specific case studies involving fishes as diverse as darters and sturgeon, I will illustrate these points and provide concrete examples drawing from both microsatellite DNA and mitochondrial DNA sequence data that provide insight into how conservation and management decisions can be prioritized and put into practice.        

NOTES:

A HOLISTIC APPROACH TO TAXONOMIC EVALUATION OF TWO CLOSELY RELATED ENDANGERED FRESHWATER MUSSEL SPECIES, THE OYSTER MUSSEL (EPIOBLASMA CAPSAEFORMIS) AND TAN RIFFLESHELL (EPIOBLASMA FLORENTINA WALKERI) (BIVALVIA: UNIONIDAE). 
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Species in the genus Epioblasma have specialized life history requirements and represent the most endangered genus of freshwater mussels (family Unionidae) in the world; 10 of the recognized 17 species are already extinct. The primary species of interest in this study belong to the Torulosa subgenus, which includes E. biemarginata, E. capsaeformis, E. florentina, E. phillipsi, E. propinqua, E. sampsoni, E. torulosa, and E. turgidula. Based on morphological similarity, these species are considered to be closely related. Only E. capsaeformis, E. florentina, and E. torulosa have extant populations; the remaining five species are presumed extinct. Extant species are characterized by relatively small size (30-70 mm) and extreme sexual dimorphism of the male and female shell. The posterior portion of the female shell in this subgenus is expanded and swollen, an area of the shell called the marsupial expansion. The marsupial expansion houses the swollen gills of gravid females and the mantle-pad, a modified portion of the mantle that attracts host fish. Freshwater mussels are unique among bivalves because their parasitic larvae (glochidia) must attach to a fish host to metamorphose to the juvenile stage. Because of these seemingly derived features, species in the genus Epioblasma are considered advanced members among the Unionidae.

The main objective of this study was to determine the taxonomic validity of the oyster mussel Epioblasma capsaeformis and tan riffleshell Epioblasma florentina walkeri. The taxonomic uncertainty of E. capsaeformis can be traced to Bryant Walker, an early 20th century malacologist. In an unpublished letter, he noted that the large marsupial expansion of the female shell in the Duck River population was different from that of individuals in the Clinch River, creating uncertainty in the taxonomic placement of this population. In the last two decades, field biologists also have questioned the taxonomic affinity of this population because of obvious differences in shell morphology and coloration of the mantle-pad. However, a recent molecular genetic study using DNA sequences from the ND1 region of the mitochondrial genome suggested that extant populations of E. capsaeformis and E. f. walkeri were the same species. Because of these taxonomic uncertainties and their potential effect on recovery plans and status of these two species, a comprehensive taxonomic analysis was conducted to determine taxonomic validity and to resolve conservation issues related to recovery planning.

These two mussel species exhibit pronounced phenotypic variation, but were difficult to characterize phylogenetically using DNA sequences. Monophyletic lineages, congruent with phenotypic variation among species, were identified only after extensive analysis of combined mitochondrial (1378 bp of 16S, cytochrome-b, and ND1 genes) and nuclear (515 bp of ITS-1 gene) DNA sequences. Phylogenetic analysis of the combined mtDNA and nDNA sequences (~1900 bp) revealed that the in-group taxa are closely related but distinct. Sequences were unique to their respective populations, suggesting an absence of gene flow among populations. Analysis of variation at 10 hyper variable DNA microsatellite loci showed moderate to highly diverged populations based on FST values, which ranged from 0.12-0.39. 

Quantitative variation was observed in fish host specificity, with transformation success of glochidia of E. capsaeformis significantly greater (p<0.05) on greenside darter Etheostoma blennioides, and that of E. f. walkeri significantly greater (p<0.05) on fantail darter E. flabellare. Lengths of glochidia differed significantly (p<0.001) between species, with sizes ranging from 241-272 (m. Variation in fish host specificity and size of glochidia is presumably genetically based.
Underwater photographs of mantle-pads and micro-lures of female mussels documented fixed phenotypic variation between species. Micro-lures are modified papillae of the incurrent siphon, located on the posterior region of the mantle-pad. The lures seemingly mimic the cerci of insect larvae to attract a prospective fish host. Texture and color of the mantle-pad of E. capsaeformis from the Clinch River is smooth and bluish-white, and this species prominently displays two micro-lures that rotate synchronously in a circular motion. In contrast, the mantle-pad of female E. capsaeformis from the Duck River is dark-purple to slate-gray, and the surface texture of the pad is spongy. The movement of the micro-lures of these females is different than that of E. capsaeformis from the Clinch River. Only one micro-lure is prominently displayed, and it moved in a side-to-side sweeping motion. The mantle-pad of E. f. walkeri from the Big South Fork Cumberland River is pustuled and brown, with tan mottling, while the mantle-pad of individuals from the upper Clinch River is gray with black mottling. Based on extensive molecular, morphological, and life history data, the population of E. capsaeformis from the Duck River, TN is described and proposed as a separate species, and the population of E. f. walkeri from the upper Clinch River, VA is described and proposed as a distinct subspecies.

The resolving power of modern molecular DNA techniques allows for discrimination between individuals, demes, populations, species, and higher taxonomic categories. Many geographically and demographically independent populations, and even groups of individuals within populations, potentially can be rendered monophyletic or identifiable with sufficient molecular markers. Therefore, the criteria of monophyly or diagnosable units, currently used to define phylogenetic species, are relative and perhaps simplistic concepts that should be interpreted cautiously. Sequence data are useful for evaluating phylogenetic relationships and evolutionary states of populations; however, for delineating closely-related species, additional analyses of multi-locus nuclear markers, such as microsatellites, are usually necessary. Most taxonomic questions typically involve closely-related species or populations; thus, traditional genetic analyses that employ large sample sizes and a suite of co-dominant nuclear markers to assess levels of gene-flow between populations are strongly recommended.

Modern taxonomic and phylogenetic studies should combine complementary information from molecular markers, morphology, life history, behavior, and biogeography whenever possible. Holistic analyses allow biologists to seek agreement among multiple independent data sets, and to minimize errors interpreting ambiguous or misleading characters. Such comprehensive analyses are especially justified for endangered species, if study results may alter or jeopardize the status of a species. We recommend that molecular genetic studies, aimed at delineating freshwater mussel species, be augmented by biologically meaningful data from an animal's distribution, phenotype, life history traits, and important functional protein markers.
HYBRIDIZATION IN FRESHWATER FISHES: GUIDELINES FOR ASSESSMENT AND CONSERVATION
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Hybridization presents a difficult set of challenges for biological conservation.  Natural hybridization plays an important role in the evolution of many animal and plant taxa.  However, human transportation of species threatens many native taxa with genomic extinction.  Freshwater fishes are especially susceptible to anthropogenic hybridization due to widespread fish stocking and weak reproductive isolating mechanisms. Although hybridization is recognized as the single greatest threat to some imperiled fishes, there are currently no guidelines for hybrid populations under the Endangered Species Act.

We present a general framework to evaluate hybridization in freshwater fishes. First, we define terms related to hybridization and review the mechanisms by which hybridization may affect population genetic structure and viability. Second, we provide a series of case studies from North America to illustrate the causes and consequences of introgressive hybridization. Third, we offer general guidelines for evaluating the importance of hybridization in freshwater fish management and conservation.

“Hybridization” refers to the breeding of individuals among genetically distinct populations. The flow of genes among hybridizing populations is referred to as “introgression” and depends on the viability and fertility of hybrid offspring. Natural hybridization may result in speciation events (e.g., allopolyploidy), natural gene flow, or the production of natural hybrid zones (Figure 1).  Sterile hybrid offspring may cause hybridization without introgression. In contrast, fertile hybrid offspring may create a hybrid swarm – a population where most individuals contain some level of non-native genes. A complete “admixture” refers to the extreme case where all individuals contain non-native genes (Figure 1; Allendorf et al. 2001). Hybridization may cause the extirpation of native species as the result of decreased fitness (i.e., outbreeding depression; Templeton 1986). Outbreeding depression may include problems of chromosome pairing during meiosis (i.e., intrinsic outbreeding depression) or disruption of locally adapted gene complexes (i.e., extrinsic outbreeding depression). Although aquaculture has used hybridization to increase fish growth rates (i.e., heterosis; Chevassus 1979), potentially heterotic effects in controlled conditions may not persist in wild populations. Moreover, the deleterious impacts of hybridization may be greatest with heterosis in early generation hybrids (i.e., F1 and F2 hybrids) and outbreeding depression in late-generation hybrids (i.e., post-F2 hybrids). Under this scenario, early hybrids would maximize the spread of invading genes, ultimately resulting in decreased fitness for more individuals and populations.
Natural hybridization is relatively common in freshwater fishes, as a result of weak reproductive isolating mechanisms and r-selected life history strategies (Hubbs 1955). Among families of freshwater fishes, the Cyprinidae, Catostomidae, Salmonidae, and Poeciliidae have shown greatest levels of natural hybridization (Hubbs 1955).  However, natural patterns of fish hybridization have been greatly altered due to anthropogenic transport of fishes.

Several case studies illustrate the causes and consequences of hybridization in native fishes. Spatio-temporal patterns of hybridization between native westslope cutthroat trout (Oncorhynchus clarki lewisi) and non-native rainbow trout (O. mykiss) in Montana illustrate vulnerability of headwater populations to genetic introgression (Hitt et al. 2003). In Virginia, widespread introductions of non-native rock bass (Ambloplites rupestris) have caused numerous local extirpations of native Roanoke bass (A. cavifrons) (Cashner and Jenkins 1982).  Hybridization between introduced largemouth bass (Micropterus salmoides salmoides) within the range of a native subspecies (M. s. floridanus) may jeopardize localized adaptations for overwintering (Philipp and Whitt 1991).

We offer four guidelines for biologists to evaluate the importance of hybridization in native fishes:

(1) Distinguish between native and non-native genomes when delineating populations for conservation (Allendorf et al. in press). Although hybridized populations may play an important role in restoration, native populations should be carefully distinguished when describing the status of the native taxon.

(2) Consider the population genetic structure of the native taxon. Extrinsic outbreeding depression may be most severe in populations that maintain low rates of straying and high levels of population genetic structure (i.e., high Fst). In contrast, taxa that exhibit high rates of straying and low levels of population genetic structure (i.e., low Fst) may be less likely to support locally adapted gene complexes and therefore may be less vulnerable to extrinsic outbreeding depression.

(3) Consider the population genetic structure of the introduced taxon. Hatchery production of fishes may unintentionally reduce genetic diversity through bottleneck events (i.e., loss of rare alleles) or small population sizes (i.e., erosion of heterozygosity through genetic drift). However, improved cultivation protocols may mitigate these potential problems.

(4) Short-term viability of hybrid offspring does not insure the long-term viability of hybridized populations. Although naturalized post-F2 hybrids may readily colonize new unhybridized populations (Hitt et al. 2003), the evolutionary consequences of non-native genes may not be apparent until extreme environmental conditions which occur over longer time intervals (e.g., 100-year floods).  
We recommend a precautionary approach for conservation of native fishes in the context of introgressive hybridization.  
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Figure 1.  Potential outcomes of natural and anthropogenic hybridization (from Allendorf et al. 2001).

Literature Cited

Allendorf, F. W. and R. F. Leary. 1988. Conservation and distribution of genetic variation in a 

polytypic species, the cutthroat trout. Conservation Biology 2: 170-184.

Allendorf, F. W., R. F. Leary, P. Spruell and J. K. Wenburg. 2001. The problems with hybrids: 

setting conservation guidelines. Trends in Ecology and Evolution 16: 613-622.

Allendorf, F. W., Leary, R. F., Hitt, N. P., Knudsen, K. L., Lundquist, L. L., and P. Spruell.  In 

press.  Intercrosses and the U.S. Endangered Species Act: should hybridized populations be included as westslope cutthroat trout? Conservation Biology.
Cashner, R. C. and R. E. Jenkins.  1982.  Systematics of the Roanoke Bass, Ambloplites
 

cavifrons.  Copeia 1982: 581-594.

Chevassus, B. 1979. Hybridization in salmonids: results and perspectives.  Aquaculture 17: 113-

128.

Hitt, N. P., Frissell, C. A., Muhlfeld, C. C. and F. W. Allendorf. 2003. Spread of hybridization 

between native westslope cutthroat trout, Oncorhynchus clarki lewisi, and non-native rainbow trout, O. mykiss. Canadian Journal of Fisheries and Aquatic Sciences 60: 1440-1451.

Hubbs, C. L. 1955. Hybridization between fish species in nature. Systematic Zoology 4: 1-20.

Philipp, D. P. and G. S. Whitt. 1991. Survival and growth of northern, Florida, and reciprocal F1 

hybrid largemouth bass in central Illinois. Transactions of the American Fisheries Society 120: 58-64.

Templeton, A. R. 1986.  Coadaption and outbreeding depression.  Pages 105-116 in M. E. Soule, 

ed. Conservation Biology: the Science of Scarcity and Diversity. Sinauer Associates, Sunderland, MA.

NOTES:
THE UTILITY OF MOLECULAR AND REPRODUCTIVE CHARACTERS TO ASSESS BIOLOGICAL DIVERSITY IN THE WESTERN FANSHELL CYPROGENIA ABERTI.

Jeanne M. Serb1, Nathan L. Eckert2, and M. Chris Barnhart3 

1Ecology, Evolution, and Marine Biology, University of California, Santa Barbara, CA 93106, 2Virginia Department of Game and Inland Fisheries, Buller Fish Cultural Station, 1724 Buller Hatchery Road, Marion, VA 24354, 3Department of Biology, Southwest Missouri State University, 901 S. National Avenue, Springfield, MO 65804
Conservation biologists seeking to preserve biological diversity have two major challenges: 1) to identify species in need of protection and 2) to develop management programs that will ensure the future sustainability of those species. The first task is to accurately assess biological diversity. This task can be difficult in organisms that are morphologically plastic or poorly differentiated. In such cases, analysis of types of data other than adult morphology may be necessary. In this study, we found significant variation in genetic characters, host compatibility, and larval morphology within what has been considered to be a single species of freshwater mussel, the Western fanshell, Cyprogenia aberti. From these results, we advocate the use of multiple data sets, such as genetic and reproductive characters, to increase the probability of correctly identifying conservation units and species boundaries within other unionids.

Under current taxonomy, the genus Cyprogenia is represented by two species: 1) the federally-listed fanshell, C. stegaria, in the Ohio, Cumberland, and Tennessee river systems, and 2) the Western fanshell, C. aberti, found west of the Mississippi in the St. Francis, White, Ouachita and upper Arkansas river systems of Arkansas, Kansas, Missouri, and Oklahoma.  Although C. aberti has generally received less attention from biologists, recent data suggest that the range of this species is diminishing, and populations within river systems are becoming smaller and more isolated due to human alternations to the habitat. As a result, C. aberti is currently listed as endangered in Kansas, rare in Missouri, and extirpated in Oklahoma.

We found significant variation across the range of C. aberti in mitochondrial (mt) DNA sequences, conglutinate morphology, host fish compatibility, and glochidia shape. Variation was correlated among the different data sets and supports discrete groups, but the partitions did not always correspond to geographically isolated populations. For example, mtDNA sequences show that populations of C. aberti in the Black River (White River Drainage) are more closely related to the fanshell, C. stegaria, than to other C. aberti populations. In addition, two discrete mtDNA clades exist sympatrically within most C. aberti populations, and these clades differ in at least one morphological character, egg color. Geographic differences were observed in compatibility with host fish, a critical aspect of reproductive biology. Populations of C. aberti from the upper Arkansas River, St. Francis, and Ouachita river systems differed from one another in transformation success on various host fish species. These differences, which are presumably genetically based, mean that these populations are not ecologically exchangeable with one another, and they must therefore be treated as separate conservation units.

These observations support the recognition of multiple species within the set of populations currently classified as C. aberti. Each of these species is more rare and range-limited than the inclusive taxon, and other threatened fanshell species may have gone unrecognized. For all potential taxa within the C. aberti complex, specific genetic and reproductive information are critical for planning recovery and conservation management programs, especially if propagation plans are to be implemented. Without the use of multiple, independent data sets, it would be difficult to identify the cryptic diversity within C. aberti. These observations illustrate the importance of examining geographically widespread taxa before populations are extirpated and hidden variation is lost. 

NOTES:
THE ENDANGERED LAMPSILIS HIGGINSII: USING MITOCHONDRIAL AND MICROSATELLITE DNA DATA FOR DEVELOPING PROPAGATION AND RECOVERY PLANS 

Bonnie S. Bowen  

Departments of Ecology, Evolution & Organismal Biology and Natural Resource Ecology & Management, 339 Science II, Iowa State University, Ames, IA  50011

Lampsilis higginsii:  Endangered status and current threats to survival:

Lampsilis higginsii, Higgins’ Eye Pearlymussel, is found in the Upper Mississippi River and a few large tributaries from Minnesota and Wisconsin in the north, to Iowa and Illinois in the south. Early in the 20th century, it was heavily harvested for the pearl-button industry. Never a common species, L. higginsii has suffered a 50% reduction in range since 1965. In 1976, it was listed as an endangered species, due to declines from pollution from agricultural and industrial runoff, sedimentation, and changes in the flow regime of the Mississippi River from a free-flowing river to a series of impoundments. Since 1993, populations have changed dramatically due to a major flood in 1993 and infestation of the Mississippi River by the non-native zebra mussel (Dreissena polymorpha), which began in 1991. By the late 1990s, there were virtually no animals in the most valuable Essential Habitat Area that had been identified in the 1983 Recovery Plan. In April, 2000, the U.S. Fish and Wildlife Service (USFWS) issued a Biological Opinion stating that L. higginsii was in jeopardy of extinction due to the activities of the U.S. Army Corps of Engineers (USACE), which maintains the 9-Foot Channel for commercial barge transportation. The vessels and equipment using the channel are infested with zebra mussels that continue to threaten L. higginsii populations and the persistence of the species.  

Current plans for persistence and recovery require genetic information:

In response to the Biological Opinion, the USFWS and USACE have developed a Reasonable and Prudent Alternative that includes the Higgins’ Eye Pearlymussel Relocation Action Plan.  This plan calls for relocation of living L. higginsii to suitable zebra mussel-free areas in historically occupied habitats, propagation of larval and juvenile mussels for introduction into these habitats, and research on methods of monitoring and controlling zebra mussels in the Upper Mississippi River.  An interagency Mussel Coordination Team meets regularly and assists the implementation of the Biological Opinion requirements. In August, 2003, the USFWS issued the draft of a new Recovery Plan for L. higginsii, which names 10 Essential Habitat Areas and calls for assessing and limiting the impact of zebra mussels, identifying contaminants that may affect the survival of Higgins’ Eye populations and reintroducing Higgins’ Eye into historic habitats where zebra mussels are not an active or imminent threat. Several of the activities proposed by the Relocation Action Plan could alter the genetic integrity of L. higginsii or could benefit the species from the application of genetic techniques. To guide relocations of adults and placement of juveniles from the propagation effort, it is necessary to know whether the existing populations of L. higginsii represent a panmictic population or whether it is structured into genetically distinct populations. Knowledge of the genetic diversity within and among populations is also necessary to plan the number of individuals that should be used as founders for new populations and to guide the selection of individuals used to provide larvae for hatchery propagation. In 1998 a genetic study was initiated to determine the amount of genetic diversity within and among populations of L. higginsii using a mtDNA marker.

High mitochondrial DNA diversity in L. higginsii:
We obtained samples of mantle tissue from 16 L. higginsii during the summer of 1998 from three localities, which were chosen to maximize the potential for finding genetically different populations.  We chose populations at the northern and southern limits of the range (St. Croix and Campbell Island) and one intermediate between them (Prairie du Chien) (Fig. 1).  
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Sequence analysis of 360 base pairs of cytochrome-b revealed eight haplotypes.  Two of the haplotypes found in L. higginsii were the same or very similar to those found in a congener, L. siliquoidea.  The level of sequence divergence among haplotypes was 0.3-9.4% (1-34 of 360 base pairs [bp]) when the siliquoidea haplotypes were included, and  0.3-2.5% (1 to 9 bp) when the siliquoidea haplotypes were not included.  This is a high level of variation, especially in an endangered species.  For comparison, in L. siliquoidea, we found 0.3% sequence divergence among all haplotypes detected in 15 individuals sampled from 3 lake populations.  Even though the amount of genetic diversity in L. higginsii was high, the populations were not genetically differentiated.  All major clades of haplotypes were found in all three populations.  The findings of a high level of genetic variation at the mitochondrial level, coupled with no evidence for genetic differences among populations, led to a more extensive study of L. higginsii, which was initiated in 2000.  The study was expanded to include more individuals, more populations, and more genetic markers.  Tissue samples were collected from 130 individuals from seven populations. At least 20 samples were obtained from each of four populations, Hudson, Lansing, Cassville, and Cordova (Fig. 1).  I analyzed sequence variation for segments of three mtDNA genes, cytochrome-b, cytochrome oxidase I, and 16S rRNA.  I recovered 25 unique haplotypes (1028 bp), which clustered into four clades, all of which had been recovered in the initial sample of 16 individuals in 1998.  Again, I found little genetic differentiation among the populations, but a high level of genetic variation within the populations (Fig. 2).  

The existence of several divergent clades within L. higginsii could be due to several factors. One possibility is that the species may have occurred in isolated refugia during times of glacial advance, and that current populations in the Mississippi River represent a mixing of those historical groups. Alternatively, the population size may have been much larger in the past and what remains today represents a limited sample of the haplotypes that once existed. Whatever the reason for the high mtDNA diversity, based on the finding of these studies, we have suggested that when plans are made for propagation and relocations, a large number of individuals should be collected to preserve this genetic variation.  

Analysis of nuclear microsatellite DNA will aid relocation and propagation:


Nuclear DNA markers, including microsatellites, can provide measurements of genetic differentiation within and among populations, and also can provide a method to individually identify animals used in propagation. Using microsatellite primers developed by Eackles and King from the congener L. abrupta, we are currently analyzing microsatellite variation within and among several of the populations studied with mtDNA. Preliminary analyses indicate a high level of variation at 5 loci. We plan to survey variation at 10 loci for a sample of individuals from three populations.  Results will be presented and discussed at the workshop.

NOTES:
USING MICROSATELLITE AND MITOCHONDRIAL DNA DATA TO DEFINE ESUs AND MUs IN TOPMINNOWS AND SPRINGSNAILS

Carla Hurt and Philip Hedrick 

School of Life Sciences, Arizona State University, Tempe, AZ 85287

In the desert Southwest, increasing aridity over the last ten thousand years has resulted in distributions of contemporary aquatic fauna that are insular in nature. Extant freshwater fauna persist in springs, seeps, and rivers separated from each other by vast stretches of dry land and show high levels of endemism. Development of water resources through diversions and dams, and colonization by numerous non-native species, threaten the persistence of much of the native freshwater fauna in this region. In several taxonomic groups, the determination of ESUs and MUs from both neutral and adaptive molecular markers has assisted planning conservation strategies that maintain genetic diversity. Here, we discuss the applications of genetic and experimental techniques in identifying units of conservation in two freshwater systems that occur in the Lower Colorado Drainage, Sonoran topminnows and springsnails.


The Sonoran topminnow is a small, livebearing fish native to Arizona, United States and Sonora, Mexico. Two allopatric species of Sonoran topminnows are found in Arizona. The Gila topminnow (Poeciliopsis occidentalis) was once the most common fish found in the Gila River drainage. Destruction of habitat and introduction of the non-native western mosquitofish (Gambusia affinis) have reduced the distribution of the Sonoran topminnow in the United States to four isolated watersheds. The Yaqui topminnow (P. sonoriensis), endemic to the Yaqui River drainage in southeast Arizona, has faced similar threats to its persistence. As a result, the Sonoran topminnow was listed as endangered by the U.S. Fish and Wildlife Service in 1967.  


U.S. populations of the Gila topminnow are limited to the four isolated watersheds within the Gila River drainage, represented here by samples from Bylas Spring, Cienega Creek, Monkey Spring, and Sharp Spring. Early genetic studies showed little variation with one mtDNA haplotype and two polymorphic allozyme loci out of 25. Our examination of sequences of three mtDNA genes confirms this homogeneity. Our survey of five microsatellite loci and a MHC class II gene shows substantial variation within and between drainages. Integration of the nuclear genetic data with information on life history and ecological factors has led to the determination of two distinct ESUs, one of which contains four MUs, within Arizona populations of the Gila topminnow.  This example illustrates the importance of using multiple types of data, when available, for designating conservation units. 


Molecular markers have also been used for questions regarding taxonomy of the Sonoran topminnow at the species level. Initially, the taxa from the Gila River, and from the Yaqui River, originating in Arizona and flowing through Sonora, Mexico into the Gulf of California, were described as different species. Several authors then either synonymized or retained these taxa. Based on subtle morphological differences, the Gila and Yaqui topminnow were then redescribed as different subspecies. Both nuclear and mitochondrial genetic data have since shown that the Gila and Yaqui topminnow are different species. We will present data from experimental examination of pre-mating and post-mating reproductive isolation supporting this interpretation of the molecular data. Such comparisons of molecular divergence with reproductive compatibility provide an important link between phylogenetic and biological species concepts. 


Finally, we will present data from a survey of genetic variation at the mitochondrial gene cytochrome oxidase I (COI) from 37 populations and over 1000 individuals belonging to 16 species of springsnails of the Hydrobiid genus Pyrgulopsis. Pyrgulopsis are the most diverse group of freshwater gastropods in North America, comprising about 120 different species, many of which are at risk of extinction. Some factors contributing to their exceptional diversity include poor dispersal ability and extreme habitat specificity based on water availability, chemistry, and depth.  Most taxa exhibit high degrees of endemism, with many species occurring only in a single spring or seep, making springsnails ideal for studies of speciation and population structure. Initially, springsnail taxonomy was based on shell and penial morphology. However, genetic support for this morphological taxonomy is needed because certain shell features have been shown to vary widely in response to environmental conditions, and phylogenetic analysis is difficult due to repeated instances of homoplasy. Examination of COI variation generally supports the morphological designation of 16 different species although in some cases high levels of genetic subdivision are found below the species level that may warrant the establishment of distinct classification units for conservation and management purposes. 
These studies have provided great insight into the conservation of endangered freshwater species. Although habitat preservation may be the most significant in preventing extinction, genetic studies can provide the evolutionary context for endangered species and identify what units are most in need of conservation. 
NOTES:
POPULATION GENETICS OF THREE EXTANT POPULATIONS OF CUMBERLANDIA MONODONTA USING ALLOZYMES AND mtDNA  

Curt L. Elderkin1 and David J. Berg2  

1Department of Zoology, Miami University, Oxford, OH 45056, 2Department of Zoology, Miami University, Hamilton, OH 45011

The spectaclecase, Cumberlandia monodonta, is a wide-ranging species of freshwater mussel in the family Margaritiferidae found in the Mississippi River system. Historically, it occurred in at least 13 midwestern and southeastern states. In recent decades, it has become increasingly rare throughout its range. The U.S. Fish and Wildlife Service recently conducted a status review and listed C. monodonta in 2004 as a candidate species for federal listing. Currently, the only known sizeable populations are in the Clinch River (TN/VA), St. Croix River (MN/WI), Meramec River (MO), and Gasconade River (MO).  


We have completed an analysis of within-population and among-population variation at the COI mitochondrial locus and 11 allozyme loci for three populations. These results are based on 40-48 individuals each for populations from the Gasconade River, the St. Croix River, and the Clinch River. Our results show small, but significant differences in the genetic makeup of these three large populations. Most notable are the proportions of unique haplotypes in each population, and a discrepancy between variation measured by the two molecular markers.


Within-population variation was higher than among-population variation. At allozyme loci, these mussels had 2.27 alleles per locus on average, an average heterozygosity of 0.15, and the percentage of polymorphic loci was 30% overall. MtDNA genetic variation within populations varied, with the Clinch River containing considerably more variation than the other populations. Our sampling revealed a total of 17 haplotypes in the Clinch River, with 11 of them unique to this river. The other two populations showed similar haplotype totals, but considerably fewer unique haplotypes. Thus, the Clinch River population contains a relatively large amount of unique genetic material in the mitochondrial genome. However, the other two populations each also contain significant numbers of unique haplotypes.


Haplotype frequencies varied among populations, indicating the presence of geographic structure. Three common haplotypes made up 40% to over 70% of all individuals in each population. However, more than 25% of individuals in the Clinch River population and more than 15% of individuals in the Gasconade River population had haplotypes unique to the particular population. Overall, 20 of the 26 haplotypes were found in only one population, 2 were found in two populations (St. Croix and Clinch for both), and 4 were found in all three populations. Allozyme loci showed no significant shifts in allele frequencies, and heterozygosity was similar among the three populations. Thus, 100% of allozyme variation was within populations. With mtDNA, the majority of variation existed within populations; among- population variation was significant but relatively low compared to other mussels (~6%).  


Our most striking result was the discovery of two distinct maternal lineages that are found within all three populations (~ 6 bp mismatch within a population). Due to these differences, the total number of pair-wise differences in the COI gene showed a bimodal distribution. However, this bimodality was also present within populations, especially the Clinch and Gasconade populations. A potential explanation for these results is alternating periods of isolation and dispersal among populations. An initial period of isolation among C. monodonta populations was long enough to create two distinct matrilines. Post-isolation dispersal of these matrilines allowed them to become sympatric in all three populations. More recent isolation (perhaps anthropogenically induced) may have lead to the presence of the unique haplotypes found in each population.   


Similar to other large-river mussels, C. monodonta shows relatively small amounts of population genetic structure across large geographic distances. This implies that historically, widespread host-fish movement led to high levels of dispersal (and hence, gene flow) among populations of this species of mussel. Over the last 200 years, most populations of C. monodonta have been extirpated and many barriers to fish dispersal have been created. As a result, the four remaining populations of C. monodonta are most likely isolated from one another. 


NOTES:
SYSTEMATICS, BIOGEOGRAPHY AND HOST – PARASITE EVOLUTION IN FRESHWATER MUSSELS (BIVALVIA: UNIONIDAE)

Kevin J. Roe1, Richard L. Mayden2, and Phillip M. Harris3
1Delaware Museum of Natural History, 4840 Kennett Pike, Wilmington, DE 19807, 2Department of Biology, 3507 Laclede Ave., Saint Louis University, Saint Louis, MO 63103-20103, Department of Biological Sciences, Box 870345, University of Alabama, Tuscaloosa, AL 35487-0345

Co-evolutionary studies of freshwater mussels and their hosts have the potential to provide important information for restoration of freshwater mussels. Accurate phylogenies can be used to reconstruct the co-evolutionary history of parasites and hosts and, in so doing, elucidate the evolutionary history of the association and identify potential surrogate host species for use in the propagation of endangered mussels. Investigations into the co-evolution of parasites and their hosts often have focused on co-speciation and excluded other phenomena such as host switching, parasite duplication, and extinction. In part, this may have been due to the inadequacies of available analytical methods to incorporate these phenomena in reconciliation analyses when host and parasite phylogenies are not strictly congruent. Methods have recently been developed that can allow for inclusion of such phenomena in the reconciliation of incongruent host–parasite phylogenies.  

We investigated the co-evolution of a threatened and endangered monophyletic group of freshwater mussels in the genus Lampsilis and their fish hosts. Specifically, we wished to see what role the various biotic and abiotic factors had in shaping the present-day distribution of these mussels, and if the results of co-evolutionary analysis supported earlier published hypotheses concerning the recent evolutionary origin of this group of mussels.  

The mussels in the study are unique in that they produce a lure known as a ‘superconglutinate’ and appear to exclusively parasitize members of the genus Micropterus.  Superconglutinate producers are restricted to the Mobile River basin and several Gulf-drainage rivers to the east, and occupy a geographic subset of the range of Micropterus. 

Phylogenies were generated for mussels and fishes using DNA sequences of three mitochondrial genes. Portions of the 16S RNA gene and the first sub-unit of the cytochrome oxidase c gene were sequenced for mussels, and the complete cytochrome b gene was sequenced for Micropterus. Mussel and fish phylogenetic trees were constructed using maximum parsimony (MP) and Bayesian analysis using PAUP* and MrBayes. Reconciliation of mussel and fish topologies was performed using the program TreeMap 2.0.

MP and Bayesian analysis resulted in similar topologies. Because Bayesian analysis results in a single optimal solution, Bayesian trees were used in reconciliation analysis. The results of initial reconciliation analysis indicate a lack of perfect congruence between host and parasite topologies. TreeMap 2.0 was then used to explore alternate reconstructions that include the possibility of co-speciation, duplication, sorting and host switching, and our results indicate several scenarios that include different combinations of the above phenomena. Overall, there appears to have been at least one co-speciation event between the ancestors of Mobile Basin fauna and the fauna that inhabits the drainages to the east. This may have been the result of vicariant events associated with changes in sea level during the Late Tertiary or Early Quaternary. The results also indicate that host-parasite relationships between these species appear to be a recent phenomenon and may be in the process of being sorted out, although additional data and the application of a molecular-clock are necessary to confirm or refute this hypothesis. The results tend to support the recent origin of these mussel species, and predict that species of mussels may retain the ability to parasitize some Micropterus species that occur allopatrically. This could facilitate mussel culture operations by not requiring the maintenance of separate host fish populations from distant drainages for each species and would allow for the consolidation of culture operations into a single location.

NOTES:
CONSERVATION GENETICS OF THE ENDANGERED DWARF WEDGEMUSSEL (ALASMIDONTA HETERODON): A HIERARCHICAL PERSPECTIVE 

Tim L. King1, Cheryl L. Morrison1, Kristine M. Playfoot2, Michael S. Eackles1, Susanna L. von Oettingen3, and William A. Lellis4   

1U.S. Geological Survey-Biological Resources Division, Leetown Science Center, Aquatic Ecology Branch, 11649 Leetown Road, Kearneysville, WV 25430, 2School of Forest Resources, Merkle Building, Penn State University, University Park, PA 16802, 3U.S. Fish and Wildlife Service, 70 Commercial Street, Suite 300, Concord, NH 03301, 4National Park Service, 301 Braddock Road, Frostburg, MD 21532
Unionids, which are among the most threatened animals in North America (Williams et al. 1993), present major taxonomic quandaries and other significant challenges to conservation biologists attempting to maintain ecological and evolutionary processes within and among populations. Relatively little information is available on the amount or distribution of genetic diversity present at any taxonomic level in unionids. Correct delineation of the appropriate unit of management is especially critical when the composition of a population is manipulated, whether by reintroduction from external stocks or by reestablishment of gene flow and migration patterns by the exchange of individuals from different populations (Villella et al. 1998). The intended use of cultured unionids as a conservation tool further underscores the need to recognize the genetic composition of natural and managed populations. If a goal of unionid conservation efforts is to permit the continued evolution of a species (or any unit of management), then it is important to establish the genetic and taxonomic relationships among managed individuals or populations.  

The dwarf wedgemussel Alasmidonta heterodon is one of two federally endangered unionids within the U.S. Atlantic slope fauna. Although historically known from 15 major river drainages from New Brunswick, Canada to North Carolina, currently, there are approximately 80 documented locations known to have some evidence of A. heterodon. Of these sites, approximately 16 are believed to be reproducing populations, while at least 31 sites are based on observations of fewer than five individuals or solely on spent shells. One of the few remaining reproductive populations is found within the Neversink River, a mid-size tributary of the Delaware River that enters near Port Jervis, New York. Recent surveys have revealed the existence of two additional A. heterodon populations within the Delaware River basin, one within the mainstem of the upper river, and a second within Flat Brook, a small cold-water tributary in mid-river. Little is known about the status of these Delaware River populations, but it is generally assumed they represent the remnants of a historically larger basin-wide population that has been reduced and fragmented by anthropogenic impacts to the system.  No information exists on the relatedness among these disjunct populations, among other populations inhabiting major river drainages throughout the species’ range, or the true taxonomic status of the species relative to other unionids in the subfamily Anodontinae.  

To address these research needs and to allow more informed management decisions that may preserve ecological and evolutionary integrity of the species, we have undertaken studies to understand the hierarchical structure of genetic variation in A. heterodon. This presentation will focus on the results of studies designed to: 1) assess the population structure among A. heterodon inhabiting the Delaware River watershed, 2) determine the phylogeographic structure among populations of A. heterodon surveyed from five river systems representing the species’ range, and 3) position the observed genetic variation from A. heterodon in the context of differentiation observed in the genus Alasmidonta and the subfamily Anodontinae.  

Populations – Thirteen polymorphic microsatellite DNA markers were developed and surveyed in 90 A. heterodon sampled from three mainstem locations and two tributaries of the Delaware River. A significant level of genetic diversity was observed, as the number of alleles per locus ranged from 4 to 26 and was sufficient to produce unique multilocus genotypes for all animals surveyed. The mean number of alleles/locus was lowest (3.5) in the northernmost collection from the mainstem Delaware River and highest within the Neversink River (9.6), a tributary of the Delaware River thought to support the largest population among those sampled. A. heterodon exhibited similar patterns of individual heterozygosities, with the lowest values observed in the mainstem (51%) and the highest levels in the Neversink River (64%). A. heterodon microsatellite markers appeared to be inherited in a Mendelian fashion, as genotypes were consistent with Hardy-Weinberg expectations, and no significant linkage disequilibrium was observed. Pair-wise (chord) genetic distances calculated between all collections suggested that the mainstem collections were differentiated, yet appear more similar to each other than to either of the tributary collections. A Neighbor-Joining tree (Figure 1) provides a graphical depiction of the structure underlying the chord distance matrix. The lack of bootstrap support at the nodes connecting the mainstem collections and the high degree of differentiation between the mainstem and tributary collections suggests the presence of considerable population structure among the collections. Pair-wise FST estimates also suggested the presence of significant population structuring, as 8 of 10 pair-wise comparisons were statistically significant (P < 0.02). The only two non-significant pair-wise FST comparisons were among mainstem collections. An analysis of molecular variance conducted among the three streams (with mainstem Delaware River collections pooled) revealed that 5.6% of the overall variation observed was due to differentiation among the streams, 1.5% was due to variation among the three mainstem collections, and 92.9% was attributed to differences within sites. All three variance components were statistically significant from zero (P < 0.001). Maximum likelihood assignment tests also revealed structuring of genotypic frequencies in A. heterodon as individuals were correctly assigned to collection site at a rate of 81% and to stream at 94%. A statistically significant correlation (r = 0.084; P < 0.006) was observed between pair-wise matrices of genetic (chord) and geographic (river miles) distances. These findings conform to the expectations of an isolation-by-distance model of population structure among the Delaware River collections. In total, these results do not support the null hypothesis of a homogeneous gene pool for A. heterodon inhabiting the Delaware River basin.  

Phylogeography - Nucleotide sequences of 580 base pairs in length were obtained from the mitochondrial DNA cytochrome c oxidase subunit I (COI) gene for 20 A. heterodon specimens representing seven geographical populations ranging from New Hampshire to North Carolina.   A. heterodon inhabiting the northern region of the species’ range (NJ, NY, and NH) were differentiated from those in the southern region (MD, VA, and NC) as shown in the COI parsimony haplotype network (Figure 2).  Bivalves from the northernmost collection (Ashuelot River, NH) exhibited a diagnostic haplotype from animals surveyed from NY and NJ. In the southern region, A. heterodon from NC were found to posses three different haplotypes, none of which were shared by animals from MD (two sites) or VA. Although northern and southern regions were distinguishable, the level of divergence among populations was limited, with just over 1% sequence divergence observed among the collections from the extremes of the study area.  Pair-wise (Kimura 2-parameter) genetic distances within regions were relatively small and ranged between 0.0 - 0.7%.  Most of the haplotype diversity present in the study was observed in the southern portion of the species’ range (5 haplotypes in 10 individuals). A. heterodon surveyed from the Tar River, NC, exhibited the greatest haplotype diversity, with some comparisons exceeding the differentiation observed between the northern and southern regions.  Evidence presented suggests the genetic divergence observed among A. heterodon populations (and the inferred reproductive isolation) are of relatively recent origin. The higher mtDNA genetic diversity present in the southernmost portion of the range suggests that this region may have served as a refuge for the species during Quaternary Period glacial advances.  

Phylogenetics – COI gene sequences were also used for a phylogenetic analysis among 15 species from six genera within the subfamily Anodontinae. Figure 3 is a most parsimonious (MP) tree generated from these analyses with bootstrap percentages (above the branches) indicating level of support for relationships.  Parsimony analyses suggested that the seven A. heterodon COI haplotypes formed a distinct (monophyletic) group relative to other congeneric species (A. viridis, A. undulata, A. varicosa, and A. marginata) in the comparison. Similarly, individuals belonging to other species appeared monophyletic. Parsimony analysis did not identify a strongly supported sister taxon for A. heterodon.  This analysis appears to recover the subgenera Platynaias (L. compressa, L. decorata, and L. subviridis) and Lasmigona (L. complanata, L. costata) proposed by Johnson (1971). It is likely that there is insufficient phylogenetic signal from this region of mitochondrial DNA to recover these relationships and possibly confirm the apparent polyphyly among species in Alasmidonta and Lasmigona. 

Conservation Implications – The population-level survey suggested that microsatellite DNA variation was able to delineate fine-scale structure existing among geographic collections of A. heterodon within the Delaware River system. Sufficient microsatellite DNA diversity was detected to allow researchers and managers involved in the artificial propagation of A. heterodon to avoid the pitfalls of inbreeding depression.  

Sequence variation detected at the mitochondrial DNA COI gene suggested that A. heterodon should be recognized as consisting of genetically differing populations with definable phylogeographic structure. Given that A. heterodon seem to prefer cold-water habitat, the decline of the species may be associated with the loss of cold-water fish hosts whose distributions were determined by glacial retreat. Alternatively, the same host may be used throughout the species’ range, and sea-level rise as a result of the most recent glacial retreat has served to isolate populations as has been proposed for another Atlantic slope unionid (King et al. 1999). Clearly, a better understanding of the phylogeography of the fish host(s) parasitized by A. heterodon (and other unionids inhabiting Atlantic slope rivers) will be needed to fully comprehend the processes that have acted to produce the observed patterns of genetic diversity.  

Although unionid populations that constitute an important component in the evolutionary legacy of the species can only be protected under the U.S. Endangered Species Act if the entire species or subspecies is listed, recognition and protection of significant intraspecific differentiation should be an integral component of legislatively mandated recovery plans. We suggest that A. heterodon inhabiting each major river system and which are reproductively isolated, be treated as separate management units to preserve genetic integrity and evolutionary potential.  The translocation of A. heterodon from other river systems should be performed only after all other management options have been exhausted.    

Finally, a phylogenetic comparison of selected species within the subfamily Anodontinae was conducted by examining mitochondrial DNA COI sequences. The results of these analyses failed to detect monophyletic clades within the Alasmidonta and Lasmigona genera. Additional regions of DNA are needed to shed more light on the phylogenetics of the Anodontinae to validate our findings of notable polyphyly.  
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Figure Legends

Figure 1.  Neighbor-Joining tree depicting structure underlying the pair-wise chord distance (Cavalli-Sforza and Edwards 1967) matrix generated among Alasmidonta heterodon collected from five localities within the Delaware River.  The number indicates bootstrap support for node after 3000 permutations of the data across loci.

Figure 2.  Parsimony haplotype network generated upon comparison of cytochrome oxidase subunit I (COI) sequences for 20 Alasmidonta heterodon sampled from the Ashuelot River, NH (Conneticut River drainage), Neversink River, NY (Delaware River), Paulins Kill River, NJ (Delaware River), Nanjemoy Creek and McIntosh Run, MD (Potomac River), Po River, VA (James River), and Sheldon Creek, NC (Tar River).

Figure 3.  One of nine most parsimonious (MP) trees generated from COI gene sequences used for a phylogenetic analysis among 15 species from six genera within the subfamily Anodontinae.   Numbers above the branches are bootstrap percentages indicating level of support for relationships.  
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EXTENSIVE ALLOZYME MONOMORPHISM IN A THREATENED SPECIES OF FRESHWATER MUSSEL, MARGARITIFERA HEMBELI (BIVALVIA: MARGARITIFERIDAE): A RESULT OF FAMILY-LEVEL BIOLOGY? 

Jason Curole

Bodega Marine Lab, University of California, Bodega Bay, CA 94923


A large component of freshwater biodiversity in North America is the unionoidean bivalves (Margaritiferidae and Unionidae), the most endangered fauna with 69% of species listed as extinct, imperiled or vulnerable. Research on the biology of freshwater mussels, including an understanding of species and population-level genetic structure and diversity, is a key component of conservation efforts. Allozyme genetic diversity has been sampled in several species of North American Unionoidea, with the range and average levels of genetic polymorphism and heterozygosity similar to most invertebrates.


Margaritifera hembeli (Margaritiferidae) is limited in geographic distribution to small 2nd and 3rd order streams in the Red River drainage in north-central Louisiana, U.S.A. This species is listed as threatened under the U.S. Endangered Species Act and as critically endangered by the IUCN. Populations are patchily distributed into large “beds” in shallow areas with stable substrata of sand and gravel; streambed between populations is often inhabited sparsely or not at all. We examined variation at 25 allozyme loci for five populations of M. hembeli.  Additionally, we used a nested analysis of variance (ANOVA) to test for differences in heterozygosity at the family, genus and species levels for the freshwater Unionoidea.


All five populations of M. hembeli were fixed for the same allele at the twenty-five allozyme loci examined. Five enzyme systems indicated multiple loci, with two of these staining for three different loci.  


In all, 283 heterozygosity estimates were analyzed, including those from this study; these 283 estimates are distributed among 60 species in 19 genera. The proportion of estimates in each family was unbalanced, with ca. 91% of observations from the family Unionidae. The ANOVA model was highly significant, indicating substantial partitioning of variance among the levels.  The species effect was the most significant, despite an F-value that is one-fourth of the family effect; this is likely due to the large number of degrees of freedom at this level. The effect of genus was not significant and had the lowest F-value. In contrast, the family effect, which is the highest level, was significant and produced the greatest F-value.


Least squares mean heterozygosity estimates were also calculated for each treatment at all levels. At the family level, margaritiferids had a ten-fold lower heterozygosity estimate than the unionids, consistent with the significant ANOVA analysis. At the species level, M. hembeli is the only species with a heterozygosity estimate of 0.  Species-level heterozygosities range from 0 to 0.294; all three species of Margaritifera are at the low end of this range, comprising three of the six lowest heterozygosity estimates.


Relatively low genetic variability has been shown to reduce the fitness of populations through expression of genetic load. Margaritifera hembeli is the dominant mussel in these small nutrient-limited headwater streams. Margaritiferids show strong habitat preferences, and changes in substrate can cause a shift from margaritiferids to other unionid species. Given the strong habitat preference of these mussels and the relative success despite low genetic variation, the modification of mussel habitat by anthropogenic activities is of great concern.  


The absence of detectable allozyme variation in several populations of M. hembeli is in contrast to other North American unionoideans.  Levels of polymorphism and heterozygosity in populations of margaritiferids are generally low (3.7-14% and 0.003-0.037, respectively), although low polymorphism may be a factor of sample size. The observation of lower heterozygosity in the Margaritiferidae relative to the Unionidae is supported by ANOVA analysis of heterozygosities. Thus, we conclude that margaritiferid genetic diversity is generally lower than unionid genetic diversity. We hypothesize that there are biological characteristics unique to the Margaritiferidae that are responsible for the reduced genetic diversity.


Demographic events, such as species bottlenecks, are commonly hypothesized as causes of reduced genetic variation. The divergence of the margaritiferids likely occurred during the Cretaceous period.  Thus, adequate time has elapsed for recovery from bottleneck events that may have occurred in the lineage leading to these species. Current population sizes do not reflect a recent bottleneck for M. hembeli (approximately 35,000 individuals), M. margaritifera (between 100,000 and 1 million mussels in Scotland alone) or M. auricularia (2,000 individuals).


Meta-population structure, with cells undergoing frequent extinction, can also lead to low levels of genetic variability. Margaritifera hembeli, M. margaritifera, M. auricularia and M. falcata exhibit a highly contagious distribution (range of Morisita’s index=13-74), whereas distributions of unionids are less contagious (range of Morisita’s index=0.7-8.8). Thus, margaritiferids, in contrast to unionids, exhibit a highly contagious distribution with high local densities as a result of this dependence. In addition, allozyme analysis of M. margaritifera populations supports a meta-population structure (FST = 0.320).


The extinction and colonization dynamics of these mussels are poorly understood.  Extirpated beds of M. hembeli have been observed where the stream flow has shifted or siltation has occurred and mussels have failed to move. Spates have also been shown to strip beds of resident individuals for both M. margaritifera and M. falcata populations. These events likely occur on a 50-100 year scale, suggesting that a small proportion (5-10%) of beds are extirpated every couple to few generations.


At a minimum the colonization rate is twice that of the extinction rate. Within 30 months after denudation of two M. margaritifera beds, approximately 10% of the bed had been colonized. Thus, beds are expected to return to original population sizes in 25 years, which is near the generation time of 20 years for these mussels. Hermaphroditism has also been shown to occur in M. margaritifera, M. auricularia and M. falcata (but not M. hembeli) and could contribute to any bottleneck effect occurring during colonization, although there is no genetic evidence of inbreeding in M. margaritifera or M. auricularia.


I hypothesize that the low levels of heterozygosity in the Margaritiferidae are a result of the underlying population dynamics due to meta-population structure of species in this family.  I have identified polymorphic hyper variable microsatellite loci for M. hembeli, which will allow examination of population structure in this threatened mussel.
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The Margaritiferidae again revisited: a test of Starobogatov (1995) and Smith (2001)

Arthur E. Bogan1, Rafael Araujo2, Morgan E. Raley1,3, Jason Curole4, Annie Machordom2, Daniel E. Wade5, Y.Y. Huang3, Jay F. Levine3, and Walter R. Hoeh5

1North Carolina State Museum of Natural Sciences, Research Laboratory, 4301 Reedy Creek Road, Raleigh, NC 27607; 2Museo Nacional de Ciencias Naturales (C.S.I.C.), c/ José Gutiérrez Abascal 2, 28006 Madrid, Spain; 3Dept. of Population Health and Pathobiology, College of Veterinary Medicine, North Carolina State University, Raleigh, NC 27606; 4Bodega Marine Lab, University of California, Bodega Bay CA 94923; 5Kent State University, Dept. Biological Sciences, Kent, OH 44242
The taxonomic status of the family Margaritiferidae has been a continuing topic of interest and discussion. This taxon’s evolutionary relationship to other families within the Unionoida is uncertain and there is little consensus on the number of margaritiferid genera or the relationships among its species. Starobogatov (1995) proposed a classification for the Margaritiferidae based on shell characters and the geographical distribution of the species. He recognized 12 margaritiferid genera, four of which typically have been included in the Unionidae. Douglas G. Smith (2001) examined representative specimens of 27 margaritiferid taxa and proposed a new classification for the family. He recognized 3 genera, Margaritifera, Pseudunio, and Margaritinopsis, and recognized 12 species. There are museum specimens with preserved bodies of some but not all of the taxa Smith included in his analyses. It is important to note, there are a limited number of museum dry shell lots of Margaritinopsis laosensis (Lea, 1863) but no alcohol-preserved specimens are known to exist. Without comparative anatomy of the type species of Margaritinopsis, it is hard to accurately place this genus and species. A major concern with these two studies is that neither used modern phylogenetic methods to elucidate natural groupings. We examined cytochrome c oxidase subunit I DNA sequences from multiple individuals representing most of the diversity within the Margaritiferidae. Phylogenetic analyses of these sequences confirmed the monophyly of the traditional margaritiferid taxa, but supported neither the Starobogatov (1995) nor the Smith (2001) classifications.

Haplotype diversity in hatchery and museum Colorado pikeminnow, PTYCHOCHEILUS LUCIUS
Kimberly Borley and Matthew White 
Department of Biological Sciences, Ohio University, Athens, OH  45701

The Colorado pikeminnow, Ptychocheilus lucius, is a federally listed endangered species restricted to the Colorado River.  The decline of this species is due to the construction of dams, alteration of water flow, and introduction of non-native fishes to the Colorado River drainage.  Currently, the Dexter National Fish Hatchery and Technology Center maintains three separate hatchery populations of the pikeminnow, the 1974YC (Yampa River), the 1981YC (Green and Colorado Rivers), and the 1991YC (Colorado River). This research was undertaken: 1) to survey haplotype diversity among the hatchery strains to determine if the different strains need to be maintained, and 2) to evaluate sequence variation in museum samples that pre-date the hatchery practices.  Tissue samples from individuals from each of these strains, museum specimens of P. lucius (dating from 1890 – 1970), and the congeners P. grandis, P. oregonensis, and P. umpquae were obtained. Approximately 1000 bp from the mitochondrial ND4L/ND4 gene region were sequenced from the hatchery material. Approximately 600 bp were obtained from the museum specimens. Only three haplotypes (one common and two very rare) were detected within and among the hatchery samples.  The 74YC and 91YC strains only possess the common haplotype.  The museum specimens that predate hatchery practices also exhibited the common haplotype.  We suggest that the Colorado pikeminnow has undergone a significant bottleneck that clearly pre-dates the establishment of the hatchery strains and may pre-date changes to the river and the decline of the species.  The low levels of haplotype variation within and among the hatchery strains suggests that they may be collapsed into a single strain (preferably the 81YC) for drainage-wide stocking. Our data also suggest that the sister taxon to P. lucius is P. grandis, the Sacramento pikeminnow.  

INTRASPECIFIC PHYLOGEOGRAPHY OF THE FRESHWATER PEARLY MUSSEL FUSCONAIA FLAVA (BIVALVIA: UNIONIDAE). 
Ryan C. Burdick 
Department of Biological Sciences, Ohio University, Athens, OH 45701
  Unique  were found in a Kansain a Kansafugia for F.flava during the Pleistocene glaciations.  































North America has the world’s greatest diversity of freshwater mussels (Bivalvia: Unionidae). Unfortunately, more than 70% of the recognized species are considered to be endangered, threatened, or of special concern. Unionids are excellent candidates for genetic studies because of their broad taxonomic uncertainty, complex life histories, and declining numbers. Recent phylogeographic analyses have focused on identifying critical information in regards to the conservation of imperiled species. However, reconstructing the phylogeographic patterns of widely distributed and common species may provide further insights into the evolution and speciation of unionids. The freshwater pearly mussel Fusconaia flava is a polytypic species that is common throughout the Mississippi River basin and parts of the Canadian Interior, Great Lakes, and Gulf Coastal basins. The cytochrome c oxidase subunit I (COI) gene of the mitochondrial DNA was sequenced for 48 F. flava specimens (20 populations) and three outgroup species. Sequence analysis of 603-base pairs revealed a strong geographic component to the distribution of genetic variation in F. flava. The most common haplotype was found in the Mississippi River and Lake Erie drainages. The two most southern populations (Wolf River, MS and Brown Creek, LA) were genetically similar to the northern populations. The presence of western (Kansas/Missouri) and Appalachian haplotypes that are genetically distinct from the common Mississippi haplotype indicates the existence of at least three refugia during the Pleistocene glaciations. Assuming the specimens representing the western and Appalachian haplotypes are indeed F. flava, these results suggest F. flava was widespread prior to the Pleistocene glaciations. Similar patterns of vicariance and dispersal were described for the northern hogsucker (Hypentelium nigricans) and walleye (Stizostedion vitreum).  

GENETIC MARKER-ASSISTED RESTORATION OF NATIVE WALLEYE, STIZOSTEDION VITREUM, IN THE NEW RIVER.

Kathy Finne1,2, Joe Williams3, George Palmer4, Nathan Johnson1, Daniel Dutton1,5, and Eric Hallerman1
1Department of Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA, 2Current Address: Virginia Bioinformatics Institute Bioinformatics Facility I, Blacksburg, VA,  3Virginia Department of Game and Inland Fisheries, Blacksburg, VA, 4 Virginia Department of Game and Inland Fisheries, Marion, VA, 5 Corresponding Author

Despite dam construction and introduction of non-native stocks, native walleye Stizostedion vitreum have persisted in the New River. Restoration of the native stock is a major goal for management of New River walleye. During spawning runs over the past five years, broodstock candidates were collected from two spawning sites in the upper New River above Claytor Lake, Virginia. DNA isolated from fin clips was analyzed for variation at two microsatellite markers with alleles characteristic of the putative native stock. We identified individuals exhibiting amplification products of 78 base-pairs at the Svi33 locus or of 99 base-pairs at the Svi17 locus. These fish were spawned at Buller Fish Cultural Station, Marion, Virginia. Their young were reared in state hatcheries and subsequently stocked into riverine reaches of the New River. This program of marker-assisted selection and propagation has resulted in the stocking of a total of 600,000 fry and 220,040 fingerlings in 2001, 2003, and 2004. Monitoring is ongoing to determine whether recruitment of stocked individuals is contributing to restoration of the native stock and augmentation of the sport fishery. Results suggest that fish of the native stock spawn earlier than fish of non-native stocks. The most upstream spawning site produces the most fish of the native stock. These findings indicate there may be temporal as well as spatial separation of the respective stocks.  This hypothesis will be evaluated in the future.

PATTERNS OF GENETIC DIFFERENTIATION AMONG FOUR POPULATIONS OF SLABSIDE PEARLYMUSSEL, LEXINGTONIA DOLABELLOIDES, IN THE TENNESSEE RIVER DRAINAGE. 
Paul Grobler1, Jess Jones2, Nathan Johnson2,4, Braven Beaty3, Richard Neves2, and Eric Hallerman2
1Department of Biodiversity, School of Molecular and Life Sciences, University of the North, P/Bag X1106, Sovenga, 0727, South Africa, 2Department of Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, 3The Nature Conservancy, Abingdon, VA 24210, 4Corresponding Author
The restoration and recovery of threatened and endangered mussel species will require re-establishment of populations into historically occupied habitats. The possible existence of evolutionarily significant units (ESUs) must be considered before inter-basin transfers of adults or progeny are made. Analysis of genetic differentiation between prospective source and recipient populations was undertaken to discern possible ESUs in the slabside pearlymussel Lexingtonia dolabelloides. Seventy individuals of L. dolabelloides were sampled from populations in the North Fork Holston, Middle Fork Holston, and Clinch rivers in Virginia, and the Duck River in Tennessee. We sequenced 603 base-pairs of the mtDNA gene ND-1 and 512 base-pairs of the nuclear gene ITS-1. Analyses of molecular variation (AMOVA) for both genes indicated that the majority of variation in L. dolabelloides resides within populations (87.7-89.7%), with less variation among populations (10.3-12.3%). However, pairwise comparisons among some populations were significantly different (p<0.05), based on FST and AMOVA values. Clustering of mitochondrial haplotypes in minimum spanning networks and maximum parsimony phylogenetic trees did not conform to population boundaries, reflecting high within-population and low among-population variability. Overall, analytical results did not provide evidence for the existence of ESUs. However, analyses did support recognition of distinct management units between the population in the Duck River, Tennessee and the remaining populations of the upper Tennessee River drainage in the Clinch, North Fork Holston, and Middle Fork Holston rivers in Virginia. We recommend that other populations of the species be surveyed genetically to complete our understanding of patterns of genetic differentiation in Lexingtonia dolabelloides.

GENETIC DIFFERENCES AMONG POPULATIONS OF THE FLUTED-SHELL MUSSEL (LASMIGONA COSTATA) FROM THE OHIO RIVER, LAKE ERIE AND LOWER MISSISSIPPI WATERSHEDS.  

Jessica L. Hoisington1*, Jessica L. Janus1, Curt L. Elderkin1, Janet L. Metcalfe-Smith2, Allen D. Christian3, Emy M. Monroe1, David J. Berg4, 1Department of Zoology, Miami University, Oxford, OH 45056, 2National Water Research Institute, Environment Canada, Burlington ON, L7S IT7, Canada, 3Department of Biological Sciences, Arkansas State University, State University, AR 72467, 4Department of Zoology, Miami University, Hamilton, OH 45011
We used a hierarchical approach to examine the genetic structure of Lasmigona costata by: 1) sequencing the mitochondrial cytochrome oxidase subunit I (COI) gene and 2) analyzing variation at 12 allozyme loci. We measured genetic variation within populations, among populations within rivers, among rivers within watersheds, and among watersheds. We sampled mussel populations from the Lower Mississippi region (Strawberry, Saline, and Ouachita Rivers), Lake Erie watershed, which was divided into north shore Lake Erie (Grand and Sydenham rivers) and south shore Lake Erie (Sandusky River), and the Ohio River (Walhonding, Stillwater, and Licking rivers). We observed significant mtDNA structure at all levels of the hierarchy, with the largest variation being among the three watersheds. Concurrent studies of other mussel species in the Lake Erie and Ohio River watersheds showed little among-watershed variation. In contrast, we found that 59% of the variation is contained between these watersheds, with little or no variation among populations. Phylogenetic analysis showed two major lineages, Lake Erie and Ohio River, indicating that there is a monophyletic clade within each watershed. Allozyme results showed a similar pattern with Lake Erie and Ohio River watersheds containing different clades. Mitochondrial DNA analysis revealed 30 haplotypes, with the majority of them unique to each population. Populations in the Lower Mississippi had 7 haplotypes among the first 15 mussels analyzed, whereas there were 8 haplotypes found in 74 mussels from the north shore of Lake Erie. Higher variation may be found in the older Lower Mississippi region after further sample analysis. Consistent with earlier allozyme studies, our study shows that significant genetic variation exists among drainage basins for many species of mussels. This geographic variation must be considered when developing conservation strategies for these organisms.

DEVELOPMENT AND CHARACTERIZATION OF DNA MICROSATELLITE MARKERS IN THE ENDANGERED OYSTER MUSSEL EPIOBLASMA CAPSAEFORMIS (BIVALVIA: UNIONIDAE). 

Jess W. Jones1, Melanie Culver2, Victor David3, Jennifer Struthers1, Nathan Johnson1,5, Richard J. Neves4, Stephen J. O' Brien3, and Eric M. Hallerman1 

1College Of Natural Resources, Department of Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, 2School of Renewable Natural Resources, University of Arizona, Tucson, AZ 85721, 3Laboratory of Genomic Diversity, National Cancer Institute -- FCRDC, Frederick, MD 21702-1201, 4Virginia Cooperative Fish and Wildlife Research Unit1, U.S. Geological Survey, Department of Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, 5Corresponding Author
Microsatellites or simple sequence repeats (SSRs), are tandemly-repeated motifs of 1-6 base pairs that are found in the genomes of most organisms. Microsatellites are codominantly-inherited nuclear DNA markers that can be isolated in abundance for most species. Because microsatellites are highly variable, they can be very informative for inferring population genetic structure and dynamics. For endangered species, these markers are particularly useful because they can be amplified using polymerase chain reaction (PCR). This method allows non-lethal sampling of organisms, because only a small amount of tissue is needed as starting material to isolate DNA and to observe amplification products. Primers for 10 polymorphic microsatellite loci were developed and characterized for the endangered oyster mussel Epioblasma capsaeformis from the Clinch River, TN. Microsatellite loci also were amplified for individuals collected from the following additional populations or species: (1) E. capsaeformis from Duck River, TN; (2) E. florentina walkeri from Indian Creek, upper Clinch River, VA; (3) E. florentina walkeri from Big South Fork Cumberland River, TN; and (4) E. torulosa rangiana from Allegheny River, PA. Amplification was successful for most loci in these closely related endangered species or populations; therefore, a high level of flanking sequence similarity was inferred for this group of species and populations. Allelic diversity ranged from 9-20 alleles/locus, and averaged 13.6/locus for all 5 populations investigated. Average expected heterozygosity (HE) per locus ranged from 0.78-0.92, and averaged 0.86. Significant deviations from Hardy-Weinberg equilibrium ((=0.05), showing deficiency of heterozygotes, were observed at most loci, and in all five populations. Deviations from HWE could be the result of recent population bottlenecks or significant levels of close inbreeding, perhaps due to hermaphroditic reproduction, which is known to occur in populations of unionids. This study demonstrated the feasibility of using PCR primers to amplify microsatellite loci among freshwater mussel species, and demonstrated that the loci contained adequate variation to conduct population-level analyses.             

Conservation genetics of two rare freshwater mussel species: the tidewater mucket (LEPTODEA OCHRACEA) and the yellow lampmussel (LAMPSILIS CARIOSA).

Morgan W. Kelly and Judith M. Rhymer  
Department of Wildlife Ecology, University of Maine, Orono, ME 04469
The tidewater mucket (Leptodea ochracea) and yellow lampmussel (Lampsils cariosa) are two freshwater mussel species of serious conservation concern, as they are declining throughout most of their Atlantic slope ranges. Basic taxonomic information, critically needed for conservation plans, has thus far been lacking for these species, as morphological characters have proved unreliable in diagnosing monophyletic clades for freshwater mussels. Using DNA sequences of the mitochondrial ND1 gene, we evaluated range-wide taxonomy for specimens collected throughout the ranges of both species. L. ochracea and L. cariosa each form well supported monophyletic lineages; however, there is evidence for hybridization of L. cariosa with a more common congeneric taxon in the Potomac River drainage, and possibly in the St. Lawrence River drainage. Individuals from the Potomac River drainage identified as L. cariosa on the basis of morphology had the mtDNA of L. cardium or L. ovata, while individuals identified as L. ovata from the St. Lawrence river drainage had the mtDNA of L. cariosa. This hybridization could have important implications for the federal status of L. cariosa. We also used microsatellite loci to assess population-level genetic variation for L. cariosa and L. ochracea within and among three river drainages in Maine. Both species had significant genetic differences among populations. L. cariosa exhibited significant isolation by distance, but L. ochracea did not. There was no correlation between genetic distance and the number of intervening dams for either species, after correcting for the effects of geographic distance. These results will be valuable in developing management plans at the Federal and state level, especially in light of impending dam removals, which are likely to require translocations of both species.

NUCLEAR DNA VARIATION AMONG POPULATIONS OF THE TALLAPOOSA DARTER
Leos G. Kral, Ian P. Stansbury and Christopher R. Tabit
Department of Biology, State University of West Georgia, Carrollton, GA 30118
The Tallapoosa darter (Etheostoma tallapoosae) is endemic to the Piedmont portion of the Tallapoosa River system that spans western Georgia and eastern Alabama. The DNA sequences of a portion of the mitochondrial control region and the entire cytochrome b gene were determined for 13 populations spanning the length of this species’ range. Phylogenetic analysis and analysis of molecular variance revealed that this species is subdivided into at least four genetically divergent populations that can be designated as management units (Brogdon et al. 2003. Further evidence that these populations are reproductively isolated was obtained by RAPD-PCR analysis, which showed differential fixation of a number of RAPD alleles among the populations. The maximum mitochondrial sequence divergence among Tallapoosa darter populations is only about 1.6%. The Tallapoosa darter is a member of the subgenus Ulocentra. In comparison, the cytochrome b sequence divergence between most recognized sister species of Ulocentra ranges from 5% to 10%, although two sister species show a 0.8% sequence divergence. It is reasonable to ask if at least the divergent Tallapoosa darter populations represent significant allelic diversity of nuclear genes, such that adaptive diversity could be partitioned into the reproductively isolated populations.  To answer this question, PCR primers sets are being designed to amplify protein coding sequences from darter DNA. The DNA fragments amplified from the two most divergent Tallapoosa darter populations are being sequenced to identify alternate protein coding alleles.  The distribution of the identified alleles between the populations designated as management units will be assessed.
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CONSERVATION GENETICS OF THE ENDANGERED JAMES SPINYMUSSEL PLEUROBEMA COLLINA (BIVALVIA: UNIONIDAE) AND DEVELOPMENT OF DNA MICROSATELLITE MARKERS

Melissa A. Petty1, Nathan Johnson1, Daniel Dutton1, Jennifer Struthers1, Jess Jones1, Mike Eackles2, Tim King2, Richard J. Neves3, and Eric M. Hallerman1
1Department of Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, 2U.S. Geological Survey, Leetown Science Center, Aquatic Ecology Branch, 11649 Leetown Road, Kearneysville, WV 25430, 3Virginia Cooperative Fish and Wildlife Research Unit1, U.S. Geological Survey, Department Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061

The federally endangered James spinymussel Pleurobema collina was formerly believed to be endemic to the James River basin in Virginia. However, a spinymussel was discovered in the Dan River sub-basin (Dan, Mayo and South Fork Mayo rivers) of the Roanoke River system in North Carolina and Virginia by biologists in 2000-2002. The USFWS tentatively identified this species as P. collina. The goal of this ongoing study is to characterize genetic structure within and among populations of P. collina as a basis for determining conservation and management actions. Although the population in the upper Roanoke River system may be endangered, without a valid taxonomic name, it cannot be adequately evaluated for protection under the Endangered Species Act. Genetic analyses of eighty-six individuals of P. collina sampled from populations in the upper James River system (Wards and South Fork Potts creeks) and the Roanoke River system (Dan and South Fork Mayo rivers) are being conducted to examine patterns of genetic variation at mitochondrial and nuclear DNA markers. Currently, we are screening mitochondrial DNA sequences from the genes ND-1 (~500 bp) and cytochrome-b (~360 bp). Interestingly, results from cytochrome-b sequence data revealed no nucleotide variation within or among all four populations. We also are sequencing a ~550 bp region of nuclear DNA, ITS-1. Preliminary results indicate ND-1 and ITS-1 are slightly more variable at inter- and intra-specific population levels than cytochrome-b. However, since observed DNA sequence variation appears to be low within and among populations, more variable markers are being developed. Microsatellite DNA markers can be informative for inferring population genetic structure because they are highly variable. Primers for microsatellite loci developed and characterized for Epioblasma capsaeformis, Lampsilis abrupta, and Pleurobema clava are currently being screened using DNA from P. collina. Once primers and presumptive microsatellite loci are identified for this species, populations of P. collina from the Dan, Mayo and James rivers will be tested for levels of genetic differentiation within and among populations. Genetic analysis of P. collina will support research and management needs related to taxonomy, population genetics, and possible augmentation of small, demographically vulnerable populations.     
CONSERVATION GENETICS OF INLAND LAKE TROUT IN THE UPPER MISSISSIPPI RIVER BASIN: STOCKED OR NATIVE ANCESTRY? 

Kyle R. Piller 1,2,5, Chris C. Wilson3, Carol Eunmi Lee4, and John Lyons1
1Wisconsin Department of Natural Resources, 1350 Femrite Dr., Monona, WI 53716, 2University of Wisconsin, Center for Limnology, 680 N. Park St., Madison, WI 53706, 3Ontario Ministry of Natural Resources, Aquatic Biodiversity and Conservation Unit, Trent University, 1600 West Bank Dr. Peterborough, Ontario, Canada K9J 8N8, 4University of Wisconsin, Dept. of Zoology, 430 Lincoln Drive, Madison, WI 53706, 5Present Address: Southeastern Louisiana University, Dept of Biological Sciences, Box 10736, Hammond, LA 70402
Although the process of stocking for sport fishery enhancement has been practiced by resource managers for decades, the potential genetic effects of these stocking practices have largely remained unknown.  In the last half-century, the lake trout (Salvelinus namaycush) has been one of the most heavily cultured and stocked species in North America.  Lake trout primarily occupy deep cold-water lakes throughout deglaciated regions of North America. Although most attention has focused on trout populations in the Great Lakes, introductions and stocking have been widespread in many inland lakes.  Only recently has significant attention been focused on issues relating to the sustainability of inland lake trout populations. We investigated the genetic contributions of lake trout stocking in two inland lakes in Wisconsin (Trout Lake and Black Oak Lake; Vilas Co., WI), which represent the only known indigenous lake trout populations in the Upper Mississippi River Basin. Exogenous sources of lake trout (Lake Michigan and Superior strains) have been stocked into each of these lakes for decades, although the long-term effects of past stocking events on these populations are unknown. We used nine microsatellite loci and PCR-RFLP analysis of mitochondrial DNA to determine the distinctiveness and genetic ancestry of lake trout in Trout and Black Oak lakes. Inland populations consisted of a single mitochondrial DNA haplotype, whereas source populations were mixed. Based on microsatellites, measures of allelic variance indicate that Trout and Black Oak lakes are differentiated from each other (FST=0.141) and from all other populations (FST=0.108-0.158).  Based on distance- and model-based analyses, the combined microsatellite and mitochondrial DNA data indicate that Upper Mississippi River Basin lake trout have been minimally affected by past stocking practices. The results indicate that these populations should be managed as pure native populations, and interlake and interbasin stocking should be avoided.

MICROSATELLITE DNA MARKERS DETECT POPULATION STRUCTURE OF ALASMIDONTA HETERODON WITHIN THE DELAWARE RIVER BASIN
Kristine M. Playfoot1, Tim L. King2, William L. Lellis3, and Michael S. Eackles2
1School of Forest Resources, Merkle Building, Penn State University, University Park, PA 16802, 2USGS-BRD, Leetown Science Center, Aquatic Ecology Branch, 11700 Leetown Road, Kearneysville, WV 25430, 3National Park Service, 301 Braddock Road, Frostburg, MD 21532
The dwarf wedgemussel (Alasmidonta heterodon), a federally endangered Atlantic slope unionid, is historically known from approximately 70 locations within 15 major river basins.  Roughly 24 geographic populations remain, many of which are sparse and non-sustaining. One of the few remaining reproductive populations is found within the Neversink River, a tributary of the Delaware River near Port Jervis, New York. Recent surveys revealed the existence of four additional populations within the Delaware River basin. The objective of this study was to determine the extent of substructure between these five collections of A. heterodon. The first species-specific microsatellite markers for an Alasmidonta species have been developed and have been surveyed in 7-30 individuals per collection (total N=90). Significant levels of genetic diversity were detected; alleles were observed across the 13 loci ranging from 4 to 26 alleles per locus. The mean number of alleles per population was lowest at the upper extreme of the species known range in the Delaware basin (3.5 at the Frisbie site) and greatest within the Neversink River collection (9.6).  Estimates of individual pair-wise genetic distances indicated that levels of genetic diversity observed among loci were sufficient to produce unique multilocus genotypes (i.e., genetic distances > zero) for all animals surveyed. Randomization tests showed that genotypes for all collections in this study were consistent with Hardy-Weinberg expectations, and no significant linkage disequilibrium was observed between any loci. Pair-wise FST estimates were significant in all comparisons amongst tributaries; however, two comparisons within the Delaware River collections were not significantly different from zero. Maximum likelihood assignment tests also revealed structuring of genotypic frequencies as individuals were correctly assigned to collection site 81.1% of the time and stream reach 94.4% of the time. These results suggest that management efforts might best be targeted at the finest scale and also argue for the release of A. heterodon cultured in captivity near their original collection site. 

Distributional Surveying and Preliminary Genetic Investigation for the Carolina Redhorse (MOXOSTOMA SP.)

Morgan E. Raley1,2, Wayne C. Starnes1, and Robert E. Jenkins3
1North Carolina State Museum of Natural Sciences, Research Laboratory, 4301 Reedy Creek Road, Raleigh, NC  27607, 2College of Veterinary Medicine, North Carolina State University, 4700 Hillsborough Street, Raleigh, NC  27606, 3Department of Biology, Roanoke College, 221 College Lane, Salem, VA  21453-3794
The Carolina Redhorse is a rare, undescribed member of the genus Moxostoma (Catostomidae) restricted to the Pee Dee and Cape Fear river drainages in North and South Carolina. R. E. Jenkins recognized the species in 1995 by determining that six specimens from disparate sources, some thought to possibly be hybrids, were conspecific and represented a distinctive new taxon.  The species is hypothesized to be sister to the Golden Redhorse, Moxostoma erythrurum, a widely distributed species occurring in the Mobile, Mississippi, Great Lakes, and Hudson Bay drainages, as well as on the Atlantic slope in the James and Roanoke drainages, with a probable introduction in the Potomac drainage.  However, no form similar to this distinctive redhorse was known south of the Roanoke drainage prior to 1995.  While the Carolina Redhorse shares several features allying it to the Golden Redhorse (e.g., lip surfacing, breeding tuberculation, nuptial and non-nuptial colorations, and spawning behavior), several anatomical and fixed genetic differences attest to its distinctiveness and validity as a separate taxon. Since 1996, intensive sampling efforts have been mounted using backpack and boat electroshocking to refine knowledge of the range and age structure of this elusive species. These investigations found that the species is very rare and prefers larger bodies of water, appearing on shoals (to spawn) only very briefly compared to other species of Moxostoma. These factors may work jointly to reduce the vulnerability of the Carolina Redhorse to collecting techniques in wadeable areas and perhaps partially explain their rarity in collections. Here we present the history of discovery, current known distribution of this Carolinas endemic, as well as preliminary genetic information concerning its phylogenetic placement within Moxostoma based on cytochrome-b sequences.  Results of this genetic work indicate that the species may be genetically bottlenecked, with only three haplotypes recovered across both river basins, a highly unusual finding. This result will have direct implications to the future management of the species.
Hemolymph as an alternative source of DNA for genetic investigations in freshwater mussels
Morgan E. Raley1,2, Jay F. Levine2, and Arthur E. Bogan1
1North Carolina State Museum of Natural Sciences, Research Laboratory, 4301 Reedy Creek Road, Raleigh, NC  27607, 2College of Veterinary Medicine, North Carolina State University,  4700 Hillsborough Street, Raleigh, NC  27606

The imperiled status of many species of freshwater mussels functionally limits the number of individuals that can be used for genetic analysis. Nonlethal procedures for acquiring DNA for genetic analysis are needed to facilitate phylogenetic and population level genetic studies. Our laboratory has developed a technique for using hemolymph, the circulatory fluid of invertebrates, to monitor the health of individual mussels using standard veterinary screening techniques.  Freshwater mussel hemolymph contains hemocytes, a potential source of DNA for genomic studies. To expand upon our previous studies, we collected 30 Elliptio complanata from a site in Raleigh, NC (Richland Creek, Neuse River system) and drew hemolymph before sacrificing them for phylogenetic examination to determine the utility of hemolymph in systematic studies.  Mantle clips were removed and processed in parallel with the hemolymph samples following standard laboratory methodology. DNA sequences were generated for several mitochondrial gene regions (COI, ND1, and cytochrome-b) and a nuclear gene region (ITS-1) for both tissue types, compiled independently, and compared for sequence identity. In these initial trials, hemolymph provided a weaker sequence signal, but this could be normalized with additional experimentation (perhaps as simple as using additional hemolymph DNA prep as a PCR template). Hemolymph-derived sequences were determined to be identical to mantle-derived sequences. As such, hemolymph proved to be a viable source of DNA for systematic analysis. Widespread use of this method with appropriate photo-documentation of potentially confusing species could prove invaluable for conducting genetic studies involving threatened or endangered species of this critically pressured invertebrate group.

PHYLOGENETIC SYSTEMATICS OF CERTAIN LAMPSILIS SPECIES IN ARKANSAS AS DETERMINED BY AMPLIFIED FRAGMENT LENGTH POLYMORPHISMS
Tiffany N. Sanders and Ronald L. Johnson
Department of Biological Sciences, Arkansas State University, State University, AR 72467

The Endangered Species Act often does not adequately protect imperiled species, as this Act first requires that these organisms be established as evolutionarily significant units (ESUs). Freshwater mussels demonstrate a high degree of phenotypic and behavioral plasticity making nomenclature difficult; therefore, appropriate classification to the species level is necessary for directing conservation efforts, particularly in regards to recently diverged taxa. The genus Lampsilis has representative members throughout much of North America. High resolution DNA techniques such as amplified fragment length polymorphism (AFLP) have provided insight as to taxonomic relationships of cryptic species of a wide range of taxa, yet not within this genus. Three nominal Lampsilis species were studied within Arkansas stream systems by AFLP analysis, including L. cardium, L. hydiana and L. satura. Preliminary data demonstrate concordance of conchological and molecular data for these three species, with L. satura and L. cardium being most closely related. Insight provided from this and further data may aid in the conservation of this poorly understood and declining species complex.

INFERENCE OF PARENTAGE FOR YOUNG-OF-YEAR BROOK TROUT IN AN ISOLATED POPULATION
Jeremy Shiflet1, Nathan Johnson1, Eric Hallerman1, and Mark Hudy2

1Department of Fisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061-0321, 2USDA Forest Service, National Aquatic Ecologist-East, MSC 7801, 225 Burruss Hall, James Madison University, Harrisonburg, VA 22807
Habitat fragmentation from deforestation, introduction of non-native salmonids, acidification, and installation of impassable culverts at road crossings is isolating wild populations of brook trout and is an important mechanism driving loss of genetic variation in these populations. This project uses microsatellite DNA markers to infer the parentage of young-of-the-year brook trout.  These fast-evolving markers are highly informative for quantifying differentiation among populations that have been separated over relatively short time scales. This will be one of the first demonstrations to assign parentage in any population of wild fish. The immediate result of this study will be an assessment of how many adult brook trout transmit genetic information to the next year-class. Statistical software will determine the maximum probability of matching progeny genotypes to reproducing adult genotypes within the population. By linking individual young-of-the-year to specific parents, redds, or locations, we hope to gain insight on the genetic contributions to poor and strong year classes and the implications of variation in family size on the long-term viability and management of isolated brook trout populations. A second objective is to develop methods and a process to determine whether culverts of unknown passage capabilities are genetically fragmenting brook trout populations. This work will demonstrate the methods that could be utilized in a larger experiment assessing the genetic effects of habitat fragmentation on population genetics of fishes. 

THE INFLUENCE OF GENOTYPE ON ATLANTIC SALMON SURVIVORSHIP 

Sara M. Turner and J. Andrew DeWoody 
Department of Forestry and Natural Resources, Purdue University, West Lafayette, Indiana 47907
Atlantic salmon (Salmo salar) were introduced into Lake Huron as sportfish from a variety of source populations in the early 1980s. Since then, 1.5 year old Atlantic salmon have been stocked annually into the St. Marys River in the Upper Peninsula of Michigan.  Although salmon returning to the St. Marys River comprise a large portion of the adults used for broodstock each year, strains from other locations (e.g., Maine) often are used to supplement the "naturally returning" broodstock. In semi-natural settings, some evidence suggests breeding Atlantic salmon choose their mates (at least in part) on MHC compatibility. An alternative explanation to MHC-based mate choice is MHC-based survivorship. We quantified the influence of genome-wide relatedness and of major histocompatibility complex (MHC) genotype on the mortality of young Atlantic salmon. Eggs from a single female were fertilized with milt from a single male to produce full-sib embryos; 32 families were created in this manner in 2002. We monitored embryo survivorship in each family and found that hatching success averaged 72%, but the variance was high—some families had survivorship near 100% and others were near 0%.  Subsequently, 46 families of full-sib clutches were created in a similar manner, and variance in survivorship again was high. One potential explanation for this variance is the overall relatedness between parent-pairs (e.g., inbreeding depression or heterosis). We used a suite of 10 microsatellite markers to estimate relatedness between parents and found a significant positive relationship between parental relatedness and juvenile survivorship. Thus, our data are consistent with outbreeding depression, the reduction in fitness due to the mating of two dissimilar individuals. One possible explanation for outbreeding depression in Atlantic salmon from Lake Huron is their mixed ancestry; the various strains used as broodstock have long been isolated and are likely genetically distinct. Our data are supported by the recent evidence for outbreeding depression in crosses between wild and farmed Atlantic salmon.  

GLOSSARY

adaptation – genetic change between consecutive generations that increases a population’s fitness in a given environment.

adaptive – conferring fitness upon a carrier in a given environment. 

adaptive management – explicit design and implementation of actions or programs as "experiments" and regular monitoring for obtaining valid experimental data and for tracking progress towards program goals and objectives.  Adaptive management also requires systematic evaluation of actions and making of adaptive changes or mid-course corrections based on conclusions drawn from such evaluations.

allele – an alternative form of the same gene, differing in DNA sequence or in effect on phenotype.

allele frequency – the percentage of all alleles at a particular locus in the gene pool of a given population represented by a particular allele.

alike in state (AIS) – referring to alleles that are identical, but are not recent copies of an ancestral allele. Contrast with identical by descent.

allopatric – literally, “different countries.” Referring to processes depending upon reproductive isolation among populations. Contrast will sympatric. See also allopatric speciation. 

allozyme – allelic form of an enzyme, encoded at the same locus. Allozymes usually are distinguished by electrophoresis and histochemical staining and observed as a difference in electrophoretic mobility due to differences in net electric charge or molecular weight. 

amplification primers – short, single-stranded oligonucleotides, generally ranging from 10–20 bp in length, that anneal to both ends of a DNA segment under investigation and support use of the polymerase chain reaction to amplify that DNA segment. 

analysis of molecular variance (AMOVA) – a data analytic procedure used for partitioning molecular genetic variance into components. 

artificial selection - the process of intentionally choosing or inadvertently retaining parents for mating on the basis of one or more heritable phenotypic traits, leading to genetic and phenotypic change of the trait(s) in the progeny generation.

augmentation – rehabilitation of a demographically depressed population by integrating natural and hatchery reproduced fish to maximize seeding of habitat by naturally reproducing adults.  

back mutation – the mutation of a DNA sequence back to the sequence from which it originally mutated. In some cases, a change in a mutant gene will restore its ability to produce a functional protein. Sometimes referred to as reverse mutation.

backcross – a cross between an individual and one of its parents. A cross between an F1 hybrid and one of the parental lines.

bootstrapping – a statistical procedure for creating pseudo-replicate data sets in cases in where it is impossible to obtain true replicate data to evaluate whether the results of analysis can be explained by chance alone. Computationally, bootstrapping generates a large number of pseudo-replicate data sets by random sampling (with replacement) of the original data set. Each of these data sets is analyzed, and the results are used to calculate the frequency of occurrence of a given branch in a dendrogram.

bottleneck effect – loss of genetic variation consequent to a restricted number of individual reproducing within an existing population.

broad-sense heritability or the degree of genetic determination – the extent to which phenotypic variation within a population is determined by genetic factors, measured as the ratio VG/VP. Often denoted h2b. 

captive broodstock program – the collection of individuals (or gametes) from a natural population, the rearing of these individuals to maturity in captivity, generally followed by release of their progeny into the wild to aid recovery of the natural population.

chromosome – in the nucleaus of a eukaryotic cell, one of the thread-like structures composed of chromatin, i.e., DNA encoding genetically-determined traits and associated proteins. In prokaryotic cells, the circular DNA molecule encoding all genetically-determined traits of the organism. Literally, “colored body,” referring to the appearance of a stained chromosome under a microscope.

cladogenic – referring to a branching pattern of evolutionary differentiation of lineages. Referring to an evolutionary event giving rise to differentiation among lineages. 

classical, or Mendelian, genetics – the subset of genetics concerning the transmission of discrete traits from generation to generation and the mode of their expression, following laws deduced by Gregor Mendel.

cluster analysis – a group of data analytic procedures that use explicit sets of rules to classify individuals into groups. The most commonly used ones for genetic stock identification are agglomerative, hierarchical techniques that sequentially join individual samples into similar groups, or clusters, based the differences (or similarities) in the genetic distance matrix.

coadaptation – the process by which favorable allele combinations arise by chance and become spread through the population and maintained by selection.

coadapted gene complexes – the groups of alleles produced and maintained via coadaptation.

codominant – referring to the situation when two alleles at a locus are phenotypically expressed in the heterozygote.  In a gel, both alleles at a single locus can be visualized.

continuous traits – phenotypes exhibiting a continuum of phenotypes that are measured. There are infinitely many possible phenotypes, among which discrimination is limited only by our ability to measure them. Examples of continuous traits include growth rate, yield, and morphometric traits (e.g., head length:standard length, eye diameter:head length, and body depth:standard length).

deletion – the mutational loss of a nucleotide (or sequence of nucleotides) or chromosomal segment. 

deme – a local population or isolated reproductive units.

demographic uncertainty – processes affecting the likelihood of a populations persistence that act through effects upon age structure and rate of population growth.

deterministic extinctions – extinctions that occur with the cumulative loss or permanent change of a critical component in the species’ environment, resulting in progressive increases in the population death rate, decreases in birth rate, or both. 

diploid – referring to an organism having the (usual) two sets of chromosomes, one from each parent. 

directional selection – a mode of selection favoring phenotypes at one end of the population’s phenotypic distribution.

discrete phenotypes – alternative phenotypes for a particular trait that are readily distinguished from one another, e.g., for pea plants, dwarf or normal height, yellow or red flowers, and wrinkled or smooth seeds.

distinct population segment – under the Endangered Species Act, for the purpose of listing, delisting, or reclassifying vertebrates: (1) discreteness of the population segment in relation to the remainder of the species to which it belongs, (2) significance of the population segment to the species to which it belongs, and (3) the population segment’s conservation status in relation to the Act’s standards for listing. 

DNA – deoxyribonucleic acid, the molecule that encodes genetic information needed for normal embryological development, homeostasis, and reproduction of an organism. 

DNA sequencing – a collection of procedures used to determine the exact nucleotide sequence of a target fragment of DNA.
domestication selection – selection that operates during artificial propagation to produce adaptations to the captive environment. Domestication selection eliminates individuals that are not adapted to the captive environment, which may include some individuals that are well adapted to the natural environment.

effective population number or size (Ne) - the number of reproducing individuals in an ideal population that would lose genetic variation due to genetic drift or inbreeding at the same rate as the number of reproducing adults in the real population under consideration. Ne typically is less than either a population's total number of sexually mature adults present or the total number of adults that reproduced. Ne can be defined either in terms of the amount of increase in homozygosity (inbreeding effective number) or the amount of allele frequency drift (variance effective number). 

electrophoresis – a procedure for separation of charged molecules in an electric field, e.g., for screening of allozyme variation.

enhancement – the management practice of using habitat restoration and stocking of hatchery-derived individuals to increase the size of a managed fish or shellfish population.

evolutionarily significant unit – a population or assemblage of populations that is the object of management concern. This unit must be reproductively isolated from other conspecific units, although it does not have to be absolutely isolated, and it must represent an important component of the evolutionary legacy of the species.

evolutionary potential – the long-term ability of a population to evolve and thereby persist in the face of environmental change.  Maintenance of evolutionary potential requires existence of genetic variation in the population.

fitness – the ability to survive to reproductive age and leave viable offspring, often denoted W. The frequency distribution of reproductive success for a population of sexually mature adults.
fixation – the state of a locus having just one allele, with a frequency of 1.00. All other alleles have become lost, with frequencies of 0.00.

fixed – referring to population- or species-specific diagnostic genetic markers. Referring to the frequency of an allele becoming 1.00.

F-statistics – a suite of heirarchical tests designed to estimate genetic population structure using Wright’s theoretical relationship 1-FIT = (1-FIS)(1-FST), where FIT, the overall inbreeding coefficient, estimates the reduction of heterozygosity in the total sample; FIS, the inbreeding coefficient, is an estimation of the reduction of heterozygosity due to nonrandom mating in subpopulations; and FST, the fixation index, estimates the reduction in heterozygosity due to random genetic drift among subpopulations.

gene – a hereditary unit that occupies a specific location (locus) on a chromosome, the physical entity that is transmitted from parent to offspring. Often, the term is used to refer to a unit encoding a specific trait or protein.

gene flow – genetically effective migration, the movement of genes among populations of a species.
gene pool – the combination of all allelic variation at all loci summed across all members of a population or discrete breeding group.

genetic distance – in population genetics, an estimation of the numbers of allelic substitutions per locus that have occurred since separation of a population pair.  

genetic diversity – all of the genetic variation within a species.  Genetic diversity includes both within- and between population components.
genetic drift - random changes in allelic frequencies due to natural sampling errors that occur in each generation. The rate of genetic drift increases as effective population size decreases.
genetic variation – all the variation due to different alleles and genes in an individual, population, or species, including variation in alleles and genes influencing both qualitative traits (under single gene determination) and quantitative traits (under polygenic and environmental determination.
genetics – the scientific study of inheritance. Genetics can be regarded as having five interrelated branches: classical or Mendelian genetics, cytogenetics, molecular genetics, population genetics, and quantitative genetics.

genotype – the set of alleles for one or more genes in an organism. The entire set of genes carried by an individual.
haploid – referring to the number of chromosomes or amount of genetic material in one chromosome set. Referring to an individual bearing one set of chromosomes.

haplotype – a contraction of the term haploid genotype, used to represent a specific mitochondrial DNA pattern or to a collection of coinherited nuclear DNA alleles or markers.

heritability – the proportion of phenotypic variance in a population attributable to genetic factors (broad sense – contrast with narrow sense heritability).

heterozygosity – the proportion of individuals in a population that are heterozygous at a particular locus, loci, or the entire genome.
homologous – referring to structures, functions, or protein or DNA sequences because they have the same evolutionary origin. 

identical by descent – referring to alleles that are identical because they are inherited from a recent common ancestor. Contrast with alike in state.

inbreeding – the mating of related individuals, a particular case of positive assortative mating.. See also inbreeding depression.

inbreeding depression – reduction in the fitness or vigor of individuals in a lineage due to inbreeding, resulting from increased homozygosity or expression of recessive deleterious alleles.

introgression ‑ repeated backcrossing of hybrid descendants with a parental line, population, or species, resulting in the incorporation of genes from one gene pool into the other.

locus (loci) – the site that a gene or molecular sequence of interest occupies on a chromosome.

Mendelian traits – phenotypic characters for which substitution of one allele for another at a given locus yields a large change in phenotype. These traits include discrete phenotypes, visible mutations, and lethal genes.

microsatellites – tandem arrays of very short repeating motifs, generally units of 2-8 nucleotides, that are dispersed throughout the genome.
migration – the movement of animals between populations, followed by successful reproduction, resulting in gene flow.
mitochondrial DNA – a circular DNA duplex found in the mitochon​dria of cells, which has a slightly dif​ferent genetic code from the "universal" genetic code. A small proportion (<1%) of the DNA of eukaryotic cells that is nonnuclear, located within organelles in the cytoplasm called mitochondria, and appears to have been endosymbiotic in early eukaryotic cells. Animal mtDNA is a double-stranded, circular molecule usually ranging in size from 14,000 to 26,000 base pairs.

molecular genetics – the study of the structure, function, and dynamics of genes at the molecular level.

mutation – the group of processes through which an organisms acquires heritable genetic changes.

natural selection – the differential perpetuation of genes and gene complexes (Dobzhansky 1970:97) that is the evolutionary force mediating adaptation of populations to their environment. The process is mediated by individuals with more favorable (adaptive) phenotypes have higher survival and reproduction rates than those with less favorable phenotypes, eventually leading to heightened frequencies of favored henotypes and underlying genotypes and elimination of less favorable phenotypes and underlying genotypes. 
neutralist viewpoint – the worldview that the great majority of evolutionary changes, at least at the DNA level, result from random fixation of neutral or nearly neutral mutants through non-selective processes, such as random genetic drift. Contrast with selectionist viewpoint. 

neutrality – the property of a genetic variant whose phenotypic expression has no effect on the fitness of the carrier.

nucleotide – the basic molecular unit of which DNA (and RNA) is composed. Each nucleotide is composed of a purine (or pyrimidine) base, a pentose sugar, and phosphoric acid. The nucleotides of DNA often are referred to by the purine or pyrimidine base of which each is composed (or its first letter), adenine (A), guanine (G), cytosine (C), and thymine (T) [uracil (U) replaces thymine in RNA].

PCR, polymerase chain reaction – a molecular genetic technique used to amplify the number of copies of a target DNA sequence.  The reaction requires oligonucleotide primers, dNTPs, a thermo-stable polymerase, and an instrument that cycles between 95oC (to separate complementary strands), various annealing temperatures (to allow binding of primers), and extension temperatures (to allow polymerase-mediated generation of complementary strands).  The process results in 2n copies of the template, where n = the number of replication cycles.

phenotype – the physical manifestation of a genotype, e.g., the coloration pattern of a fish, or the banding pattern for lactate dehydrogenase on a stained gel slab. How the organism appears to us. 

phylogenetic – relating to the hypothesized evolutionary relationships of individuals, populations, or species.
phylogeography - analysis of genealogy, population genetics, or evolution within a geographical context.

polymerase chain reaction (PCR) – a molecular genetic technique used to amplify the number of copies of a target DNA sequence.  The reaction requires oligonucleotide primers, dNTPs, a thermo-stable polymerase, and an instrument that cycles between 95oC (to separate complementary strands), various annealing temperatures (to allow binding of primers), and extension temperatures (to allow polymerase-mediated generation of complementary strands).  The process results in 2n copies of the template, where n = the number of replication cycles.

population – a group of organisms belonging to the same species and that freely interbreed. 

population genetics – the study of the genetic composition and evolution of populations. The scope of population genetics cuts across numerous disciplines, including other branches of genetics, ecology, systematics, natural history, and statistics.

population identity – the uniqueness of a population as indicated by genetic differences between it and other populations.

quantitative genetics – the study of traits exhibiting phenotypes that are quantitative in nature.

quantitative trait – a phenotypic trait that is described by a measurement (e.g., weight at maturity) and whose expression results from actions of genes at many loci, environmental factors, and interactions of genetic and environmental factors.

random genetic drift – chance-mediated change in allele frequencies due to genetic sampling errors.  

Ryman and Laikre effect – reduction of effective population number that may result from breeding–release programs aimed at supporting natural populations demographically. 

selection - the natural or artificial process by which breeding individuals have differential reproduction due to individual differences in fitness. See artificial selection, domestication selection, and natural selection.

selectionist viewpoint – the world-view that the key driving force of evolution is Darwinian natural selection operating upon advantageous mutations. Contrast with neutralist viewpoint. 

subpopulation – breeding groups within a larger population between which migration is significantly restricted.  

substitution – the mutational replacement of a nucleotide, DNA sequence, or chromosomal segment with another. 

supplementation – the use of artificial propagation, while conserving genetic resources, for the goal of restoring or augmenting self-sustaining populations.

viable population number – the size of a population that is expected to result in persistence of the population for a specified length of time.

viable population – a population that is expected to persist for a specified length of time. 

within population variability – phenotypic or genetic differences among individuals of the same population.

Glossary from: Hallerman, E.M., Editor. 2003. Population Genetics: Principles and Applications For Fisheries Scientists. American Fisheries Society, Bethesda, Maryland.

Fig 1.  Sampling localities for genetic studies of Lampsilis higginsii, shown with white dots.  North to south:  (1) St. Croix or Hudson, (2) Lansing,  (3) Prairie du Chien, (4) Cassville, (5) Campbell’s Island or Cordova.  Localities with two names refer to the 1998 and 2000 sampling events; the mussel beds sampled were different, but in the same general vicinity.  Shaded area is historic distribution of L. higgiinsii from Cummings, K.S., and C.A. Mayer. 1992.  Field guide to freshwater musels of the Midwest, http://www.inhs.uiuc.edu/cbd/musselmanual/


page152_3.html.





Fig 2.  Frequencies of haplotype clades at four sites from the St. Croix and Mississippi Rivers sampled in 2000, based on 1028 bp from three mtDNA genes.  (N) is the sample size for each population.
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