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Abstract

Species distributions and population genetic structure are determined by
landscape history and biological characteristics of an organism. Pleistocene glaciations
affected species distributions and freshwater drainage patterns. Extensive work on the
biogeography of fish has determined the effects of glaciations on genetic population
structure and described recolonization routes from glacial refugia. Freshwater mussels
are intimately tied to fish because larvae are largely obligate parasites on fish.
Dispersal via hosts has likely led to similar patterns in genetic structure and distributions
of mussels and fish. | quantified genetic diversity using mitochondrial DNA and
allozymes to determine genetic population structure and infer evolutionary history for
Cumberlandia monodonta — an endangered species (Chapter 2). There was a lack of
genetic structure and evidence of high gene flow. The phylogeny indicated isolation in
two glacial refugia followed by post-Pleistocene dispersal of two lineages range-wide.
The distribution of Lampsilis cardium, a non-endangered species, spans glaciated and
non-glaciated areas. Genetic diversity was quantified in northern and southern
populations to determine if this large-river species has similar patterns found in other
species of fish and mussels (Chapter 3). Genetic data from populations in the upper
midwest and Canadian drainages were used to test hypotheses of dispersal from the
upper Mississippi River (UMR) into the Red River of the north (RRN). Overall genetic
diversity was high, but populations in the north and south had similar levels. There was
evidence for two glacial refugia in the Great Lakes basin, but not the upper midwest.
Genetic data did not support the hypothesis of post-Pleistocene dispersal from the UMR
into the RRN. On a smaller spatial scale, genetic variation and structure of L. cardium
from the UMR was also quantified with microsatellite markers (Chapter 4). The UMR is
fragmented with locks and dams creating distinct river reaches, therefore, population
genetic variation and structure were measured within a spatial hierarchy. Historic and
contemporary gene flow were compared to determine if the dams are affecting genetic
diversity. Genetic diversity was high, and populations in the UMR may be panmictic.

There is evidence that fragmentation may be reducing gene flow for this species.
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Chapter 1
Introduction

Riverine landscapes are dynamic ecosystems that are biologically and spatially
complex; as a result they generate and maintain high levels of biodiversity (Robinson et
al. 2002). Human modification of landscapes and river channels has degraded
freshwater ecosystems on a global scale (Nilsson et al. 2005). Rivers and streams
have been altered by the construction of dams, resulting in loss and fragmentation of
lotic habitat (Watters 2000). All of the large rivers (> 1000 km long) in the contiguous
US have been altered for navigation or hydropower (Benke 1990), which has negatively
affected the biodiversity supported by freshwater systems. Projected mean future
extinction rates for North American freshwater fauna were calculated to be about five
times greater than the rate for terrestrial fauna and three times the rate for coastal
marine mammals (Ricciardi & Rasmussen 1999). It is generally accepted that biota on
this planet are in the midst of a sixth massive extinction (Leaky & Lewin 1995), and
freshwater systems contain some of the most highly endangered faunas (Higgins et al.
2005). Molecular genetic studies can provide information that is useful in guiding
conservation of endangered freshwater fauna, while advancing our understanding of
evolution and how various processes extrinsic and intrinsic to organisms affect genetic
diversity (Lowe et al. 2003).

Evaluating large-scale landscape-level effects in a phylogeographic context
advances our understanding of the evolutionary history of species and can provide
guidance for conservation measures. For example, when the evolutionary history within
a species indicates long-term separation of populations, then conservation efforts
should maintain these separate evolutionary trajectories, commonly called evolutionary
significant units (ESU’s; Moritz 1994). Conservation of ESU’s in general considers long-
term conservation goals, mainly because it relates to conserving a species’ evolutionary
potential (Moritz 1994). In contrast, short-term conservation goals address threatened
populations that have suffered reduced population size or loss of genetic variation
(Moritz 1994), which is often directly related to human activity. Human induced changes

to the landscape, such as the impoundment of rivers in North America, are recent



compared to Pleistocene climate change. Short-term conservation in this context
requires information on genetic diversity and current levels of gene flow among extant
populations.

The most imperiled faunal group in North America is freshwater mussels (Richter
et al. 1997), which is also the most diverse assemblage of freshwater mussels in the
world (Bogan 1993). Therefore, many federal, state, and local agencies are examining
approaches to conserve this declining fauna (Newton et al. 2001). Conservation tools
include artificial propagation and relocation (Cope & Waller 1995; U.S. Fish & Wildlife
1997, 2003). Propagation is being employed for critically endangered species and
relocation is often utilized as a way to address population declines due to zebra mussel
infestation or to mitigate direct impacts from the construction of bridges or navigational
structures or other habitat fouling or loss. However, effective conservation of these
organisms requires not only propagating and saving individuals, but also maintaining
natural levels of genetic diversity.

Genetic diversity maintains a species’ evolutionary potential and capacity for
adaptation to environmental changes over time. For small populations, genetic diversity
is needed because it contributes to fithess-related traits such as survivorship and
fecundity (Mulvey et al. 1998). Typical management actions such as propagation and
augmentation may reduce overall genetic diversity if the wild genotypes are swamped
by less diverse genotypes of propagules (Frankham 2003). Similarly, relocating
mussels between genetically distinct populations can also reduce overall diversity by
artificially mixing historically isolated populations, leading to introgression and/or
hybridization (Frankham 2003). As a result, it is critical that genetic structure of
endangered species be understood before management actions are begun. The dearth
of information on genetic diversity in freshwater mussels is an obstacle to implementing
effective conservation strategies for this faunal group (National Native Mussel
Conservation Committee 1998).

The life cycle of mussels is complex, which makes studying these organisms
challenging, and also likely contributes to their imperiled status. These animals are very
long-lived, with some species living around a decade and others surviving up to a

century (Anthony et al. 2001). Similar to other long-lived species, reproduction is



delayed as long as 13 years (Young & Williams 1984). Larval mussels (glochidia) are
brooded in the gills of female mussels, and in most cases, must attach to a host fish for
transformation into the juvenile life stage. This intimate relationship with fish hosts has
implications for mussel dispersal. Adult mussels are relatively sessile, but glochidia can
be dispersed upstream and downstream of their natal mussel bed by their hosts. Some
mussel species are able to transform on several species of fish, while others are

restricted to only a one or a few species of fish (Mussel Host Database, The Ohio State

University Museum of Biological Diversity, http://www.128.146.250.63/bivalves).
Depending on which fish host a mussel species uses, some mussels will be dispersed
greater distances than others, and therefore, may have different levels of gene flow
among populations.

Freshwater mussels are also ideal organisms for ecological genetic studies for
several reasons. They live in linear river systems connected within a nested hierarchy.
Therefore, genetic diversity can be quantified along sliding spatial scales from the
individual or population level to increasingly larger distances (Excoffier et al. 1992).
Variation over regional spatial scales can assess the relative importance of gene flow
and genetic drift (Hutchison & Templeton 1999). Understanding the influences of these
two genetic processes is useful for interpreting historical evolutionary events and
understanding current gene flow over the landscape.

Extensive work on the zoogeography of fish in North America has created
several phylogeographic hypotheses to explain both species distribution and population
genetic structure (Mayden 1988; Wiley & Mayden 1985). Comparative phylogeographic
studies for several species have led to generalizations about the affects of Pleistocene
glaciations on terrestrial and aquatic fauna (Avise 2000; Bernatchez & Wilson 1998).
Studies on fish have commonly shown that populations north of glacial maxima have
less genetic diversity as result of a recent founder effects from post-Pleistocene
migration and colonization northwards compared to southern populations with their
longer histories (Bernatchez & Wilson 1998). Another common finding is evidence for
multiple glacial refugia for terrestrial (Spellman & Klicka 2006) and aquatic species
(Bernatchez 2001). Because of their relationship with fish, mussels can be used to test

hypotheses generated from the body of work on fish phylogeography.



In general, phylogeographic studies of mussels have shown similar patterns to
those found in fish; mussel populations north of glacial maxima have lower genetic
diversity than those in the south (Elderkin et al. 2007, 2008; Zanatta & Murphy 2008).
Similar to fish, mussel populations in the north were colonized from multiple glacial
refugia (Zanatta & Murphy 2008; Elderkin et al. 2008). New analytical methods such as
statistical phylogeography (Knowles 2004) can explicitly test hypotheses about the
number and location of glacial refugia. These methods have been applied to terrestrial
species (Spellman & Klicka 2006), but as far as | am aware, not yet to aquatic species.

My research will add to the understanding of genetic diversity in freshwater
mussel species at large spatial scales over evolutionary history. In chapters 2 and 3,
two species are studied within a phylogeographic context to understand how
Pleistocene glaciations and subsequent gene flow has affected population genetic
structure of mussels in a large river system. Mitochondrial DNA (mtDNA) was used to
measure genetic diversity and population differentiation at medium-to-large spatial
scales (Lowe et al. 2004). Chapter 2 is focused on a critically imperiled species,
Cumberlandia monodonta, while chapter 3 looks at a relatively healthy and widespread
species, Lampsilis cardium. These two chapters address the evolutionary histories of
mussel species, but effects on dispersal and gene flow among extant populations from
recent anthropogenic affects are not discernable with mtDNA markers (Moritz 1994).

Current levels of gene flow and population dynamics in aquatic invertebrate
species have been greatly affected by impoundments due to several reasons (Strayer
2006). One of the most obvious effects on freshwater mussels is habitat loss which
creates fragmentation among populations in both small and large streams (Watters
2000). Dams are effective barriers against fish movement (Watters 2000), which in turn
prevents mussel dispersal and gene flow. Gene flow is an important process for
maintaining genetic diversity (Templeton et al. 1990) and connectivity among
populations. Application of genetic studies may be able to determine if dams are
reducing genetic diversity in mussel populations. In fish, dams have been shown to
reduce genetic diversity in some species, but not others (Reid et al. 2008). To date,
most population genetic studies on mussels have been on already-threatened
populations (Bowen & Richardson 2000; Kelly & Rhymer 2005; Zanatta & Murphy



2008), and no one has looked at fine-scale genetic diversity in a highly fragmented
system in North America (but see Geist & Kuehn 2005).

My work in chapter 4 is a small-scale geographic study designed to measure
fine-scale genetic structure with highly variable microsatellite markers. The highly
fragmented upper Mississippi River is dominated by a system of locks and dams that
create distinct river reaches. If habitat fragmentation has created barriers to gene flow
among populations of mussels, then genetic diversity should be partitioned within and
among river reaches and there should be differences in historic versus contemporary
gene flow. Gathering this information with a relatively abundant species of mussel will
provide insight into the natural genetic structure and gene flow of mussels in large
rivers, something that is not attainable with endangered species that are not populous

enough to provide robust sample sizes.
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Chapter 2

Phylogeography reveals Pleistocene isolation followed by high gene flow in a
wide-ranging imperiled mussel: the spectaclecase, Cumberlandia monodonta

Abstract

Freshwater organisms of North America have had their population genetic
structure shaped by past events, such as Pleistocene glaciations. Life history traits that
promote dispersal and gene flow have since continued to shape population genetic
structure. Freshwater mussel larvae are obligate parasites of fish hosts, and thus, fish
movement is the major mode of dispersal for mussels. Cumberlandia monodonta, an
imperiled mussel with a widespread distribution was examined to determine genetic
diversity and population genetic structure range-wide. Two different classes of
molecular markers, allozymes and cytochrome oxidase | (COI) partial gene sequences
were used to measure genetic diversity. COIl data were analyzed with two
phylogeographic methods: nested clade analysis and statistical phylogeography.
Explicit hypotheses were tested to determine if this species spread northward from two
glacial refugia: 1) areas south of the glaciers and, 2) the Driftless Area of WI, IA, MN,
and IL, or only one refuge. There was not any geographic structure detected with
allozyme or COl data. A phylogeny of COIl sequences indicated past isolation which
created divergence of two lineages estimated to occur during the Pleistocene.
However, isolation did not occur within the driftless area. Up until recent times, gene
flow within this species has maintained high levels of genetic diversity. Extirpation of
this species from its entire central range likely has isolated remaining populations due to

the distances among them.



Introduction

Species distributions and population genetic structure are determined by both
landscape history and biological characteristics of an organism (Vucetich & Waite 2003;
Wares & Turner 2003; Whiteley et al. 2004). Pleistocene glaciations affected extant
species distributions more so than any other past event (Roy ef al. 1996). Organisms
survived in suboptimal habitats in near-glacier zones, migrated further south, or were
extirpated from glaciated areas. Even southern areas were not free from affects due to
climatic and physical changes. The glaciers created a drier, colder climate and more
land was exposed due to lowered sea levels (Smith 2007). Many researchers have
hypothesized that organisms often survived the Pleistocene in multiple isolated refugia,
where small population sizes and different environmental conditions created
intraspecific variation (reviewed in Hewitt 1996). These processes left their mark in the
genes of species, and can be used to infer past evolutionary and demographic events
within species (Avise 2000).

Freshwater systems, and the organisms living in them, were altered by the
Pleistocene when rivers were often rerouted (Berendzen et al. 2003) and large areas of
land were inundated, allowing aquatic organisms to disperse widely and facilitating
mixtures of conspecifics from different refugia (Bernatchez & Wilson 1998; Gagnon &
Angers 2006). The effects of these events on distribution and population structure of
fish have been studied extensively and the signature of Pleistocene glaciations on the
evolutionary history of several fish species is apparent from comparative studies. When
phylogenies of several fish species with ranges in formerly glaciated and non-glaciated
regions are compared, populations in glaciated areas often have lower levels of genetic
diversity compared to populations from non-glaciated areas and the former show signs
of range expansion (Berendzen et al. 2003; Bernatchez & Wilson 1998). Biogeographic
analyses of fish (Mandrak & Crossman 1982) and mussels (Graf 1997) have resulted in
several different routes of dispersal from multiple refugia into northern systems
proposed for both taxa. While freshwater fish phylogeography has been extensively
studied, there is not nearly as much work on other freshwater organisms.

Freshwater mussels reach maximum biodiversity in North America (Lydeard et al.

2004) and have unique life histories that are intimately tied to fish because larvae
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(glochidia) are obligate parasites of fish. Dispersal via fish hosts has likely led to similar
patterns in population structure and distributions of mussels and fish. Despite this close
relationship, most phylogeographic studies of mussels have been limited to endangered
species with either very small population numbers or limited geographic ranges (Buhay
et al. 2002; King et al. 1999; Roe et al. 2001). Recently however, Elderkin et al. (2007,
2008) examined the phylogeography of several widespread and relatively healthy
mussel species that live in the Mississippi and Great Lakes drainages. It appears that
mussels colonized northern systems, such as the Great Lakes, upper Mississippi and
other Canadian drainages, from multiple refugia (Elderkin et al. 2008) as did fish
(Bernatchez & Wilson 1998). These northern populations have been shown to have
less genetic diversity than those in southern areas that were never glaciated
(Bernatchez & Wilson 1998). However, mussel species that co-occur in the same
aggregations can have different genetic structures at various spatial scales (Elderkin et
al. 2008). These differences are likely due to variations in life-history traits, such as use
of different fish hosts and demographic differences among species (Elderkin et al.
2008). This variation among mussel species becomes important when considering
conservation efforts for threatened or endangered species, a status that applies to 70%
of all mussel taxa in North America (Lydeard et al. 2004). Even though threatened
species may live side-by-side with healthy species, if their genetic structures differ, then
each species would require different conservation action. Here, | survey the genetic
population structure of Cumberlandia monodonta (Say), a historically widespread
species in the Mississippi River system that occupies both formerly glaciated and non-
glaciated areas.

Cumberlandia monodonta, the spectaclecase, is the sole species of the genus
within the family Margaritiferidae. Although this family is circumpolar (ORVMTS 2002),
C. monodonta distribution is limited to the eastern United States. Until the last half of
the 20" century, it was found in the mainstems of the Mississippi, Ohio, and Tennessee
rivers as well as 40 tributaries; extant populations are limited to a few that are located at
the periphery of its former range. It has been sporadically reported in 19 streams over
the last 20 years, and decline of this species is likely due to its preference for riffle areas
of streams (ORVMTS 2002) and the loss of these habitats due to inundation and
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fragmentation from impoundment of rivers (Nilsson et al. 2005). In addition to habitat
loss, the fragmentation of rivers has had serious ramifications for fish movement and,
therefore, mussel dispersal and gene flow. Cumberlandia monodonta individuals live up
to 56 years and reach sexual maturity around 5-6 years, with maximum reproductive
effort starting around 10 years (Baird 2000). This species is dioecious and females
release anywhere from 3-9 million glochidia in April or May. Unfortunately, the host fish
is still unknown (Baird 2000; Hove et al. 1998).

Distribution of C. monodonta prior to its decline in the last century was very
similar to several fish species that have been studied using molecular genetics and
phylogeographic analyses (Bernatchez & Wilson 1998; Near et al. 2001; Strange & Burr
1997). Comparisons among fish species, especially those found in previously glaciated
areas, have revealed similar changes in overall genetic diversity (Bernatchez & Wilson
1998), but different colonization histories. Fish inhabiting Mississippian refugia were
able to use proglacial lakes for dispersal into northern habitats, facilitating many
different patterns of dispersal as lakes changed with receding and advancing ice sheets
(Gagnon & Angers 2006; Mandrak & Crossman 1992). With similar distributions, C.
monodonta could have also survived glaciations in multiple southern refugia, as well as
in more isolated areas where genetic drift could occur. One such location may have
been a northern refugium in the driftless area in southwestern Wisconsin (Gibbard &
Van Kolfschoten 2004). The driftless area contains several relict species from the
Pleistocene, including land snails, mites, and plants (Nekola 1999; Ross 1999). The
extant population of the spectaclecase in the St. Croix River is proximal to the driftless
area (Figure 1), and could have been colonized by mussels surviving in streams of this
region.

The goals of this study were to measure genetic variation in extant populations of
C. monodonta, and to determine its evolutionary history since the Pleistocene. The
objectives to meet the first goal were to use allozyme and cytochrome oxidase | (COI)
partial gene sequences to: 1) quantify within-population variation, 2) quantify among-
population variation, and 3) determine how variation is partitioned within and among
populations. Hypotheses for these objectives were as follows: 1) within-population

genetic variation will be high, but 2) genetic variation will be low among populations, and
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3) there will be very low genetic population structure because most of the variation will
be contained within populations. An objective to meet the second goal was to compare
genetic diversity of a population in the north to those in the south. The northern
population is in an area that was previously glaciated. Therefore recent founder effects
should have reduced genetic diversity compared to southern populations that were
stable for longer time periods which allowed neutral variation to increase genetic
diversity. A final objective to meet the second goal used two phylogeographic methods
was to evaluate evolutionary history with COl sequences: nested clade analysis (NCA;
Templeton et al. 1987; Templeton 2004) and statistical phylogeographic methods
(Knowles 2001; Richards et al. 2007; Smith 2007). Nested clade analysis inferred the
effect of past events on genetic diversity, and statistical phylogeography tested if within-
species diversity arose from isolation in multiple refugia or one refuge during the
Pleistocene. The hypothesis for the first objective to meet the second goal is that
genetic diversity in a northern population should be lower than that in southern
populations. They hypothesis for the second objective to meet the second goal is that
there should be evidence of isolation in multiple glacial refugia in the northern

population.

Materials and methods
Collection

Tissue was obtained from a total of 178 individuals (Table1) from 4 extant
populations (Figure 1). Museum specimens were also sampled, which added a 5
population in the TN River and a singleton from the Cumberland River (Figure 1). Three
large populations were sampled in 2002: 48 individuals from the Clinch River in
Hancock County, TN; 48 from the St. Croix River in Chisago County, MN; and 40 from
the Gasconade River in Osage County, MO (Figure 1). An additional 34 animals were
taken from a fourth large population in the Meramec River, Franklin County, MO in
2004. All live specimens were collected by wading or diving; animals were sampled
non-destructively by clipping mantle tissue (Berg et al. 1995) and then returning them to
the river bottom. Tissue was carefully taken from somatic tissue to avoid the issue of
doubly uniparental inheritance (Zouros et al. 1994). Tissue samples were flash frozen

in liquid nitrogen in 2002 for allozyme and mtDNA, analyses and preserved in 95%
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ethanol in 2004 for mtDNA sequencing. A voucher specimen from the Meramec
population was placed in the lllinois Natural History Survey Collection (number INHS
31198). Museum specimens were clipped by museum personnel and sent to Oxford,
OH. Museum specimens from the Tennessee River were actually collected from two
locations 135 km apart; however, due to the large spatial scale of this study, these were
considered as one population for all analyses. Three extant populations (Gasconade,
MO; Clinch, TN/VA; St. Croix, MN/WI) were analyzed with both allozyme
electrophoresis and sequencing of the mitochondrial cytochrome oxidase subunit |

(COl) gene, but specimens from all other localities were only sequenced.

Allozymes
Allozymes were visualized using starch gel electrophoresis following standard

methods (Hebert & Beaton 1993; Richardson et al. 1986) with modifications. Nine
enzyme systems revealed a total of 11 putative loci. These loci were aspartate
aminotransferase, (AAT), esterase (EST; 1 visible and 1 ultraviolet locus), glucose-6-
phosphate isomerase (GPI), isocitrate dehydrogenase (IDH), leucine aminopeptidase
(LAP), malate dehydrogenase (MDH), phosphoglucomutase (PGM-Fast and PGM-
Slow), peptidase (PEP), and superoxide dismutase (SOD). Each tissue sample was
homogenized with 28 pl of 2% 2-phenoxyethanol and then centrifuged at 14,000 x g for
3 min. The supernatant solution was soaked onto filter-paper wicks, and loaded into
starch gels and run for various lengths of times depending on the buffer system used
(JRP for AAT, IDH, MDH; Tris-citrate 6.7 for EST, LAP, PEP, PGM,; Lithium hydroxide
for GPI, SOD). Alleles were sequentially numbered from the fastest to the slowest

migration rate towards the anode.

mtDNA
Total genomic DNA was extracted from recently preserved tissues using ~25 mg

tissue and DNeasy animal tissue kits (Qiagen, Valencia, CA). Similar quantities of
tissue from museum specimens were extracted with phenol/chloroform (Sambrook et al.
1989). Polymerase chain reaction and sequencing was performed as in Elderkin et al.
(2007), except BigDye v3.1 (Applied Biosystems Inc, Foster City, CA) was used for

sequencing reactions. Sequences were easily aligned by eye in BioEdit 7 (Hall 1999)
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because there were no insertions or deletions, and base calls were confirmed by

checking all polymorphic sites in the raw electropherograms.

Data Analysis
Allozymes

Analyses of electrophoresis results were conducted using BIOSYS-1 (Swofford &
Selander 1981) and TFPGA (Miller 1997) to obtain descriptive measures of within-
population genetic variation. Exact tests of goodness-of-fit determined whether
genotype frequencies met Hardy-Weinberg expectations. A one-way ANOVA was used
to test differences in average heterozygosity among populations. Among population
variation was described by comparing allele frequencies among populations for
polymorphic loci and evaluated with Nei's (1978) unbiased genetic distance (D) and
modified Rogers distance (Wright 1978). Differentiation among populations was
quantified with exact tests and Weir and Cockerham’s (1984) method of calculating
Wright’s (1965) F-statistics (0).

mtDNA
Genetic diversity was analyzed for haplotype frequencies and molecular

divergence in Arlequin 3.01 population genetic data software (Excoffier et al. 2005).
Arlequin was also used to calculate mean nucleotide diversity (1) within each population
as a measure of variation within populations. The number of haplotypes, nucleotide
diversity, and the mean number of basepairs different within populations were tested for
correlation with latitude using linear regression analysis. The regression analyses only
included the 4 large extant populations, because sample sizes were similarly large, the
Tennessee population did not have the same sample size. Genetic differentiation was
analyzed within and among all five populations (AMOVA,; Excoffier et al. 1992), and
significance of this differentiation was tested using 1023 nonparametric permutations
(Weir & Cockerham 1984). The mean value of Fst differences among pairs of
populations was calculated with 1023 permutations to test significance at p = 0.05.
Matrices of pairwise genetic differences and geographic distances between populations
were evaluated for significant correlation with a Mantel test using Arlequin. The relative

contributions of gene flow and genetic drift in determining population genetic structure
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(Hutchison & Templeton, 1999) were evaluated by a manual Mantel test in Arlequin
using matrices of residual pairwise Fst values and geographic distance. Geographic
distances between each pair of populations were measured to the nearest km using the

path measurement tool in GoogleEarth® (www.googleearth.com) by following each bend

in the river. Populations were placed into GoogleEarth with coordinates obtained onsite
with various handheld Global Positioning Units.

Phylogenetic relationships were analyzed with Bayesian inference, maximum
parsimony (MP), and maximum likelihood (ML) and included Margaritifera auricularia,
M. margaratifera, M. falcata, and M. laevis sequences from Huff et al. (2004), and one
unionid Anodonta spp. sequence from GenBank (AY493505) as outgroups.
MrModeltest (version 2.2, Nylander 2004) was used to determine the most suitable
model of DNA evolution for ML and Bayesian analyses with a hierarchical log-likelihood-
ratio test. The best evolutionary model for the data set was the GTR+I'+G model, and
this was used for ML and Bayesian analyses. Bayesian inference was conducted in
MrBayes v3.0 (Huelsenbeck & Ronquist 2001). Two runs of 4 chains with default heat
settings were conducted with a random starting tree for 1.6 million generations,
sampling trees every 100 generations and excluding the first 200 trees as burn-in. The
number of trees to exclude as burn-in was evaluated by visualizing when the Markov
chain Monte Carlo (MCMC) analysis reached stationarity (Hulesenbeck & Ronquist
2001). A 50% majority rule consensus tree was generated from 15,800 trees and the
percentage of time each node occurred was reported as the posterior probability of the
node (Hulesenbeck & Ronquist 2001). MP was performed in MEGA version 4 (Tamura
et al. 2007) with a heuristic branch swapping search and the initial tree generated by
random addition. Bootstrap (1000) repetitions (Felsenstein 1985) were performed to
estimate support for the most parsimonious tree. ML inference was carried out using
phyML (version 2.4.4, Guindon & Gascuel 2003), with 1000 bootstraps to estimate
nodal support.

A 90% confidence parsimony network was created with TCS version 1.13
(Clement et al. 2000) and multiple connections between haplotypes were simplified
using an approach as outlined in Fetzner and Crandall (2003). Mutations were

considered more probable if they arose from more frequent haplotypes; those
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haplotypes with more than one pathway were assigned the shortest path chosen from
the most frequent haplotype. Haplotype frequencies were summed based on network
relationships and placed on the site map. Nested clade analysis was conducted in
Geodis (Posada et al. 2000, 2006) after hand-nesting haplotypes in the network
according to methods described by Templeton (1998), with modified rules from
Templeton and Sing (1993). Output of the Geodis software was interpreted with the
inference key of Templeton (1998, 2004). A mismatch distribution was also calculated

in Arlequin for each lineage, for each population, and for all of the individuals pooled.

Coalescent hypothesis testing
Coalescent hypothesis testing is described in detail elsewhere (Richards et al.

2007), but briefly, it requires two inputs: a set of data simulated under alternate
historical population hypotheses, and an empirical genetic data set. Each replicate of
the simulated data can be characterized using a summary statistic, which generates an
expected pattern of genetic variation under each historical scenario. The same
summary statistic is also computed for the empirical genetic data and compared with
the simulated distributions of that statistic. Each of these components is a multi-step
procedure and will be described below.

Alternate hypotheses of dual-refugia and single-refugium were tested for this
species. A hypothesis of two refugia was tested (Figure 2a) because it is consistent
with the phylogeography of several freshwater fish (Bernatchez & Wilson 1998;
Mandrak & Crossman 1988) and mussel species (Graf 1997; Zanatta & Murphy 2008).
The dual-refugia hypothesis included one refuge south of the glacial maximum and a
second refuge in the Driftless Area. To model this refuge, the St. Croix River population
closest to this region was used (Figure 1). The alternate single-refugium hypothesis
tested was that these mussels survived only in populations south of the glacial
maximum (Figure 2b).

Hypotheses were tested with the coalescent module (Maddison 2007) and
simulations were conducted in Mesquite v. 1.05 (Maddison & Maddison 2007), where
1000 coalescent genealogies (with migration) were generated under each historical
population scenario. To test each hypothesis, a statistical measure of the gene tree

must be compared to a distribution of the same statistic for gene trees simulated onto
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population hypotheses (Richards et al. 2007). In this case, because high levels of gene
flow dispersed haplotypes among all of the populations, Slatkin and Maddison’s (1989)
S-value was chosen as the test statistic. S is the number of migration events that had
to have occurred to distribute haplotypes among locations where they were found.
Failure to reject an historical population model occurs when the value of S for the
empirical gene tree falls within the 95% confidence intervals of the simulated distribution
of S-values.

To simulate genetic data onto each historical population model in Mesquite,
estimates of time and effective population size (Ne) were required. To determine a
reference time frame to test each hypothesis, the time of divergence of lineage 2 from
lineage 1 was roughly estimated using the method of Sei and Porter (2007). This
absolute time in years was converted to generation times with the minimum of 6 and a
maximum of 26 years. Two generation times were used to cover all reasonable
estimates of time for a long-lived species such as C. monodonta. A mean generation
time of 26 years was calculated by constructing a static life table with demographic data
(Baird 2000), and a minimum generation time was considered as the age of first
reproduction, which is 6 years (Baird 2000).

Simulations also require an estimate of N, which was calculated from 6 (the
number of heritable haplotypes in a population), a value generated in the coalescent
program Lamarc (Kuhner 2006). Bayesian analysis was used to estimate 6 with one
long chain of 50,000 steps sampled every 100 steps following a burn-in of 1500 steps.
Lamarc was run four times to ensure convergence with different random seed numbers;
curve and trace files were used to ensure sufficiently long chains were run (Kuhner &
Smith 2007). Once 6 values were obtained, N was calculated with 6 = 2Ngu, where the
mutation rate (u) was 3.16 x 10 " or 1.37 x 10 © substitutions per site per generation
(COlI specific rate from bivalves; Marko 2005), depending on the generation time used
(26 or 6 years respectively).

Lamarc (Kuhner 2006) was also used to estimate immigration rates from each
population into all other populations. This was done with four separate Bayesian
analyses, each consisting of a single long chain of 50,000 steps sampled every 100

steps and all trees discarded before 1000 burn-in steps. The Tennessee population
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was eliminated from this analysis because Lamarc documentation recommends only
using populations with 10 or more individuals. Again, curve and trace files were used to
evaluate whether chains were run long enough to reach stationarity (Kuhner & Smith
2007).

Results
Allozymes

Using a 95% criterion, 3 of 11 loci were polymorphic in all populations, and an
additional locus was polymorphic in only one population. Mean sample size per
polymorphic locus was 45.5 individuals, with an average of 1.91 alleles per locus;
populations had a range of 27-36% polymorphism (Table 2). Of the 7 loci that were not
polymorphic, four of them were fixed for a single allele in all populations: both EST loci,
MDH, and SOD (data not shown). Mean heterozygosity was not different among
populations (df = 1,31, F = 0.52, p = 0.48) and averaged 0.145 (range 0.13-0.16). Exact
tests of allele frequencies did not vary among populations for the three polymorphic loci
(PGM-F, LAP, and PEP; df = 14, X* = 13.1, p = 0.52; Table 2). Nei’s unbiased genetic
distances among pairs of populations were zero and Rogers’s genetic distances were
all 0.03. Additionally, Weir and Cockerham’s 6 was not different from zero, with 95%

confidence intervals surrounding zero (-0.0286 to 0.0966).

mtDNA
A 678-bp region of the COI gene was sequenced in 178 individuals from 5

populations (plus a singleton) which revealed 30 unique haplotypes with 46
phylogenetically informative sites. The Clinch River population had the greatest
variation with 18 haplotypes, and each of the other four populations contained six to
nine haplotypes (Table 1). Unique haplotypes were found in each population; the
Clinch population had the most with 11 (Table 1). Nucleotide diversity values were
extremely low, ranging from 0.0015 to 0.0073 (Table 1). There were no significant
correlations of diversity with latitude. The Cumberland River haplotype from a museum
specimen was one of the most common haplotypes in other populations.

Analysis of molecular variance (AMOVA) revealed 95% of genetic variation was

within populations and all sequences were only 5.3% (0.3 SE) divergent. Pairwise
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comparisons of each sequence form a bi-modal mismatch distribution (Figure 3a) with
distinct modes at 3 and 8 bp; these modes are also present in each population
mismatch distribution (data not shown). There were significant pairwise Fsr values
between St. Croix and Meramec, St. Croix and Clinch, and St. Croix and Tennessee
populations (Table 3). The Tennessee population had significant pairwise Fst values
with all the other populations, and the Gasconade was also differentiated from the
Clinch population, but there was no significant correlation between genetic distance and
geographic distance (data not shown, p = 0.25). There was also no significant
relationship between residuals of pairwise Fst values and geographic distance
(Hutchison & Templeton, 1999).

Bayesian, MP, and ML phylogenies revealed similar trees and in all of them, C.
monodonta forms a monophyletic clade with high bootstrap and Bayesian support.
However, within this clade, there is little variation, branches are short, and many
haplotypes form an unresolved polytomy (Figure 4). Despite overall lack of resolution in
this species, there is high posterior support for the divergence of three lineages from all
other sequences, and bootstrap support over 50% for two of those lineages (Figure 4).
The overall topology of the phylogenetic tree is replicated in a haplotype network
(Figure 5); however, in this analysis, only the clade with both high posterior and
bootstrap support forms a distinct lineage (Lineage 2, Figure 4). The bimodal mismatch
distribution also indicates two lineages (Figure 3a). The proportion of lineage two was
more prevalent in the St. Croix population, and decreased as latitude decreased (Figure
6), therefore, significance of this relationship was tested with linear regression
(R=0.89, p=0.057).

Nested clade analysis of the network revealed only 3 of 10 clades had significant
geographic and phylogenetic relationships sufficient to infer past events (Figure 4 and
Table 4). Both clade 3-1 and its internal clade 2-2 were inferred to have restricted gene
flow with isolation-by-distance (IBD), and the total cladogram inferred past gene flow
with loss of intermediate populations. Mismatch distributions calculated within each
lineage fit the predicted distribution under a model of sudden expansion (Figure 3b, c).

Lamarc generated a point estimate of 6 = 0.0122 with 95% confidence intervals

of 0.0082-0.0174. Lamarc also estimated immigration rates from each population into
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all others; there was an average rate of 600 (range 200-900) immigrants per generation.
Based on 6, the calculated effective population size (Ne) was 18,000 (95% CI 12,000-
25,000) or 19,000 (95% CI 13,000-28,000) depending on the generation time that was
used (6 or 26 years, respectively). Generation times were converted to actual years
based on the estimate for the divergence of lineage 2 from lineage 1 of about 850,000
(95% CI 360,000-1.6 million) years ago. Because N, values were so close, a point
estimate of N = 19,000 and a range (95% CI 12,500-26,500) was used in simulations of
the gene tree onto population histories so that most reasonable estimates would be
tested. The Bayesian phylogeny S-value was 32 (Slatkin & Maddison 1989), which
means that 32 migration events had to occur for the haplotypes sampled in this species
to be located in each population. If the minimum generation time of 6 years was
simulated, the single-refugium hypothesis was accepted (indicated by arrows) for Ne =
18,000 and 26,500, but not for the lowest estimate of 12,500 (Figure 7). The dual-
refugia hypothesis was rejected for divergence times of 850 thousand and 1.6 million
years ago, but not for a divergence time of 360,000 years ago. The single refugium
hypothesis had the most support for all but one reasonable estimate of N¢, and for the
full range of divergence times; however the dual-refugium model was rejected in all but

one case, the highest N at the youngest divergence time (data not shown).

Discussion

The lack of genetic structure in C. monodonta indicates that gene flow and
migration have influenced its genetic diversity. Evidence of high gene flow is seen in
genetic diversity indices for both allozyme and mitochondrial markers. Allozymes and
mtDNA both had low 6 values and low pairwise Fsr differences among populations.
Furthermore, allozyme alleles and mtDNA haplotypes were evenly found in all distantly
located populations. The COI phylogeny indicates that this species was isolated in two
glacial refugia during the Pleistocene where separate lineages likely arose. Post-
Pleistocene dispersal of these lineages was range-wide, further indicating high gene
flow for this species. Statistical phylogeographic analyses rejected the Driftless Area as

the location of the second glacial refugium.

21



Cumberlandia monodonta has substantial levels of genetic variation. Allozyme
diversity measured by rates of polymorphism in this species ranged from 27-36%, which
was not as high as in other mussel species where unionids had 5-60% polymorphism
but it is much higher than other margaritiferids (European and North American) with only
0.074-0.259% polymorphism (Curole et al. 2004; Geist & Kuehn 2005). These
populations of C. monodonta had much higher rates than another North American
margaritiferid species, M. hembelii, where all 25 loci tested were fixed for a single allele
(Curole et al. 2004). Heterozygosity values in C. monodonta are also higher (0.145)
than values reported for margaritiferid species (0.010 — 0.018; Geist & Kuehn 2005;
Machordom et al. 2003), but they fall within the range found in unionid species (0.0040-
0.294; Curole et al. 2004). Differences between C. monodonta and other margaritiferids
could be due to differences in fish hosts and stream connectivity. Margaritiferids in
Europe and North America commonly use salmonids and live in parallel stream systems
draining directly to the ocean. These streams lack connections to neighboring streams,
preventing gene flow among drainages. This creates genetic drift leading to fixed
alleles within populations and greater differentiation among populations. Cumberlandia
monodonta is the only member of this family found in interior rivers that have
connections to neighboring drainages.

Mitochondrial DNA sequences also revealed fairly high variation in C.
monodonta. There were more haplotypes in this species compared to endangered
mussels (Zanatta & Murphy 2007, 2008; Zanatta et al. 2007), but about the same as in
other widespread species (Elderkin et al. 2007, 2008). Most haplotypes were only one
bp different, which is why nucleotide diversity values are so low. Within-population
variation was not negatively correlated with latitude, unlike the results for other mussels
(Elderkin et al. 2008) and fish (Bernatchez & Wilson 1998). In fact the most northern
population in the St. Croix had almost double the nucleotide diversity of the Meramec
population in the Ozarks. Usually, the lowest nucleotide diversity values are in the north
and increase as latitude decreases, presumably because southern populations were
larger and more stable over time as they were not displaced by ice and neutral
mutations accumulated (Avise 2000). Perhaps the St. Croix population has a higher 1T

value than expected because it was colonized by a large contingent of mussels from
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more than one stable refuge population, providing a large sample size of mtDNA
haplotypes.

Both markers show that populations of C. monodonta are poorly differentiated
and lack population structure based on low genetic distances and 6 estimates that
surround zero. This is in contrast to other large-river species such as Quadrula
quadrula (Berg et al. 1998) and Amblema plicata (Elderkin et al. 2007) where there was
significant, albeit weak, population structure. These results imply high levels of gene
flow among populations, which is also supported by the lack of correlation between
genetic and geographic distance. Usually, a positive correlation indicates a stepping-
stone method of dispersal where the closest populations exchange genes more often
than more distantly separated populations (Slatkin & Maddison 1990). For mussel
species studied to date, most have met the prediction of dispersal by the stepping-stone
model (Berg et al. 1998; Elderkin et al. 2007, 2008; Zanatta & Murphy 2008), which is
not unexpected since mussels live in linear river systems with patchy distributions.
Unfortunately, the species of fish host is unknown for C. monodonta, so it is difficult to
describe why this species does not follow a stepping-stone model of dispersal. In most
cases, mussels use fish hosts, although one species does use salamanders (Mussel
Host Database, The Ohio State University Museum of Biological Diversity,

http://www.128.146.250.63/bivalves). Salamanders or other unidentified hosts may be

able to disperse mussels overland, by-passing nearest-neighbor populations within the
river. This would be more likely in streams with high sinuosity values where large bends
in the river create short overland distances compared to within-stream distances. It
must be noted that very high effective population sizes can create patterns of high
genetic diversity and low Fst values (Waples 1998), and extant populations of C.
monodonta do indeed number in the thousands (Baird 2000). Therefore, low levels of
genetic drift could explain these results.

Even though there is no geographic population structure, this study did find
genetic structure within the parsimony network and phylogenetic tree with two distinct
COl lineages supported by high bootstrap values and posterior support. Amazingly,
these two lineages are found across the extant range of this species covering

thousands of river km. Both lineages were also present in the extirpated population
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from the Tennessee River. Lineage 2 may have arisen in the north because it is more
prevalent in the northern St. Croix population and decreases gradually with distance to
the south, following current drainage connections in the Mississippi system.

The existence of two lineages indicates that at some point in the past,
populations were isolated in two refugia, which is a common pattern found in large river
mussel species studied to date (Elderkin et al. 2008; Hoisington et al. unpublished
data). However, statistical phylogeographic analysis in this study rejected the two-
refugium hypothesis; therefore, the Driftless Area is ruled out as a glacial refugium for
this species. This hypothesis test explicitly modeled the second refuge to be in the
Driftless Area; however, a refugium could have been in the headwaters of the former
Teays system (Berendzen et al. 2003) in present day eastern OH or western WV. The
ancient Teays River drained along the current valley of the upper Ohio River directly
west into the upper Mississippi River, connecting eastern and midwestern streams
(Figure 6). As the ice sheets spread south, they not only obliterated the Teays river
basin, but cut off any movement between eastern and western drainages (Figure 6).
The northern hogsucker (Hypentelium nigricans, Lesueur) is a fish with a range similar
to that of C. monodonta. Lineages in this fish were estimated to have diverged pre-
Pleistocene, but populations in the eastern area of its range (headwaters of the Teays
River) were more closely related to populations in the upper Midwest, lowa, and
Missouri (Berendzen et al. 2003), reflecting river connections prior to the most recent
glaciation. Cumberlandia monodonta was at one time found in headwater tributaries of
the ancient Teays system (ORVMTS 2002), and could have been isolated there during
the Pleistocene glaciations. This could also explain why lineage 2 seems to have
originated in the north. Without any C. monodonta to sample in the old Teays system,
the origin of this second lineage cannot be more closely located.

Estimates of divergence times lend support to these lineages arising during the
Pleistocene followed by post-Pleistocene dispersal. Divergence was roughly estimated
to occur between 36,000 to 1.6 million years ago, which falls within the Pleistocene.
Post-Pleistocene dispersal of fish is thought to have occurred rapidly, aided by
increased fluvial connectivity from large volumes of water as glaciers melted (Gagnon &

Anders 2006). The mismatch distributions for both lineages fit a model of sudden range
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expansion. Mussels would have dispersed along with fish as they moved from multiple
refugia into northern habitats. Migration rates estimated in this study are in agreement
with this scenario; the highest migration rate connected the two most distant populations
in the Clinch and St. Croix Rivers, and was also robust between the Gasconade and
Meramec populations into the St. Croix population. High migration rates are not
unreasonable for this species; field studies of M. hembeli have shown rapid
recolonization rates (10% replacement of a population in 30 months) for populations
that had been completely removed by large flood events (Curole et al. 2004).

This study revealed that Pleistocene glaciations did drive some intraspecific
diversity to arise, but post-Pleistocene dispersal had a stronger affect on the structuring
of population genetics in C. monodonta. Both nuclear allozyme markers and mtDNA
sequences provide evidence of high gene flow post-Pleistocene because all of the
populations in this study are genetically similar. Over time, these populations will likely
become genetically structured for two reasons — first, because the rivers connecting
these distant populations are impounded and secondly, the loss of intermediate
populations prevents any gene flow via the stepping stone model of dispersal.
Furthermore, because this species has been extirpated from most of its former range,
there is not much opportunity to understand the evolutionary history of this species,
unless fish host(s) are determined. Then comparative phylogeography between host
fish and C. monodonta may help locate where isolation occurred during the Pleistocene.
The identity of the fish host may help us to understand how this mussel enjoyed such

high levels of gene flow prior to its decline.
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Table 1. Descriptive statistics of mtDNA data for each collection site of Cumberlandia
monodonta from populations in the Clinch River, TN; Gasconade and Meramec Rivers,
MO; St. Croix River, MN; Tennessee River, AL; and a single specimen in the
Cumberland River, TN. Note: Tennessee River populations were combined into one
for analyses.

Total Number of Mean number of
number of unique base-pair Nucleotide
River n haplotypes haplotypes differences diversity (1)
Clinch 48 18 11 417 0.0062
Gasconade 40 9 6 3.18 0.0047
Meramec 34 8 3 3.03 0.0015
St. Croix 48 9 4 2.1 0.0031
N1 2 6 1 4.86 0.0073
TN 2 5
Cumberland 1 1 0 - -
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Table 2. Allele frequencies at polymorphic allozyme loci for Cumberlandia monodonta
from populations in the Clinch River, TN; Gasconade River, MO; and St. Croix River,
MN.

N = number of individuals.

Population
Locus Allele Clinch Gasconade St. Croix
PGM-Fast N =49 N =43 N =50
1 0.551 0.616 0.570
2 0.367 0.314 0.370
3 0.031 0.070 0.040
4 0.051 0.000 0.020
PGM-Slow N =44
1 - 0.080 -
2 - 0.920 -
- 0.000 -
LAP N =48 N =42 N =50
1 0.396 0.357 0.330
2 0.604 0.631 0.660
3 0.000 0.000 0.010
4 0.000 0.012 0.000
PEP N =49 N =42 N =50
1 0.388 0.345 0.310
2 0.612 0.643 0.680
3 0.000 0.000 0.010
4 0.000 0.012 0.000
Mean (+ SE) sample size per locus 46.7 (1.7) 41.4 (1.3) 48.6 (1.0)
Mean (£ SE) number of alleles per locus 1.7 (0.3) 1.8 (0.3) 2.2 (0.3)
Percent polymorphic loci (95% criterion) 27.3 36.4 27.3
Mean heterozygosity 0.142 0.133 0.159
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Table 3. Pairwise Fst values for cytochrome oxidase | sequences from five populations
of Cumberlandia monodonta.

Population Gasconade St. Croix Meramec Clinch Tennessee
Gasconade 0.000 - - - -

St. Croix 0.011 0.000 - - -
Meramec -0.003 0.041* 0.000 - -
Clinch 0.041* 0.129* 0.015 0.000 -
Tennessee 0.115* 0.171* 0.109* 0.125* 0.000

Estimates were tested for significance™ at p = 0.05 with 1023 nonparametric
permutations of the data.

Table 4. Nested clade analysis of geographical associations for populations of
Cumberlandia monodonta.

Permutational chi-

Clade square statistic Probability Inference Key # and outcome
2.9 24 4 0.03 1,2,3,4 restrlctIeBdDgene flow with
3.1 34.0 0.00 1,2,3,4 restrlctIeBdDgene flow with
Total 1,2,3,5,6,7,8 past gene flow then
132.2 0.00 ) : .
cladogram loss of intermediate populations

The clade column refers to nesting clades in Figure 6, and clades with neither genetic
nor geographic variation are not included because no test is possible. IBD = isolation-
by-distance.

34



ﬂ el
8t. Croix ﬂ%‘
7

Glacial maximum

b S

Gasconade .-" ' Cumberland
Meramec l 9 J_

‘I
Clinch

Tennessee

[
‘t 0 265 530 1,080 Kilometers

Figure 1. Map of the central United States indicating sites where Cumberlandia
monodonta were sampled. Populations are labeled with the name of their resident
rivers. All sites represent populations, except the Cumberland which was a singleton.
Square symbols are populations with allozyme and mtDNA analyses, circles are
populations analyzed for mtDNA only. Driftless Area indicated by shaded region,
dashed line is the glacial maximum.
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Figure 2. Models of geographic configurations for populations of Cumberlandia
monodonta used to determine if genetic variation reflects colonization from (a) dual-
refugia including the Driftless Area or (b) a single-refugium.

36



Number of pairwise comparisons

3500 1
3000 1
2500 -
2000 -
1500 -
1000 -
500 H

a. Both lineages

01234567 8 91011121314151617181920212223242526

3500 -
3000 -
2500 +
2000 +
1500 -
1000 -
500 A

b. Lineage 1

400 A

350-—‘

300 A
250 A
200 A
150 A
100 A
50 A

2 3 4 5 6 7 8 9 10 11 12 13

c. Lineage 2

01 2 3 4 5 6 7 8 9 10 11 12 13

Number of base pairs different

Figure 3. Mismatch distributions over all sequences and for each lineage. Frequency
of the number of base pairs that differ at the COI locus between each pair of
Cumberlandia monodonta individuals, a) over all samples, b) individuals within lineage
1, ¢) individuals within lineage 2. Bars in lineage charts are observed data; lines are
predicted distribution under a model of sudden expansion for each lineage.
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Figure 5. Parsimony network with nested clades for Cumberlandia monodonta showing
1-, 2-, and 3-step clades that contain genetic and geographical variation (letters indicate
locations by first initial as in Figure 1; B = Cumberland River). Haplotypes are
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Figure 7. Frequency histograms of S-values for simulated genealogies onto dual-
refugia and single-refugium population hypotheses, for two generation times (top 26
years, bottom 6 years). Bar charts are coalesced with the point estimate of N, and
lines are for the minimum and maximum N, estimates. Vertical dotted lines indicate the
95% confidence intervals for distributions of bar charts, S-values of 32 indicate
acceptance (arrows) of the model.
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Chapter 3

Phylogeography of Lampsilis cardium:
genetic patterns reflect post-Pleistocene dispersal

Abstract

Pleistocene glaciations have created genetic structure in populations of North
American aquatic fauna. Common patterns in genetic diversity from glacial events
include gradients of genetic diversity that increase from northern to southern areas and
evidence of multiple glacial refugia within the phylogeny of mitochondrial genes. Two
biogeographic hypotheses for colonization of the Red River of the North (RRN) have
been generated by fish and mussel distributions. One invokes post-Pleistocene
dispersal from the upper Mississippi River (UM) into the RRN drainage system and the
other suggests that dispersal occurred into the RRN and Lake of the Woods drainages
via glacial Lake Agassiz at the end of the Pleistocene. COI gene sequences were used
to evaluate population genetic structure in Lampsilis cardium, a mussel that is
widespread across the Mississippi drainage system. Phylogenetic and geographic data
were used to determine which dispersal process into the RRN was most likely. This
species has high levels of genetic diversity but weak population structure from Arkansas
to Canada, which is likely due to high gene. Genetic diversity indices were not
significantly associated with latitude. Shallow divergence within the COI gene tree
indicated isolation during the Pleistocene in at least two refugia for the population from
the Great Lakes drainage, a pattern which supports findings for several other mussel
species. Genetic data from the UM and tributaries of the RRN did not refute northern

dispersal to several drainage systems via Lake Agassiz.
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Introduction

Species distributions and population genetic structure are determined by extrinsic
(i.e. landscape history) and intrinsic factors (i.e. life-history characteristics; (Vucetich &
Waite 2003; Wares & Turner 2003; Whiteley et al. 2004). Pleistocene glaciations had
profound effects on the distribution and population genetics of many species (Hewitt
1996). Freshwater systems were the most altered ecosystems during the ebb and flow
of several glacial events which altered drainage patterns as ice sheets surged and
receded (Bernatchez & Wilson 1998). Extensive work on the distribution and
biogeography of fish has (Berendzen et al. 2003; Bernatchez & Wilson 1998; Hardy et
al. 2002; Near et al. 2001; Ray et al. 2006; Switzer 2004) examined the effects of
glaciations on species distributions and population genetic structure, and determined
recolonization routes from glacial refugia (Mandrak & Crossman 1992). During periods
of high water due to glacial melting, large areas of land were inundated, allowing for
wide dispersal of aquatic organisms and facilitating mixture of intraspecific populations
from different refugia (Bernatchez & Wilson 1998; Gagnon & Angers 2006). The
combination of varying dispersal routes before and after the glaciers has lead to
different patterns in population genetic structure for different species (Strange & Burr
1997).

Comparative phylogeographic analyses on fish species with ranges in previously
glaciated (northern) regions and regions that were never glaciated (southern) reveal
consistent patterns (Bernatchez 2001). Northern populations have lower levels of
genetic diversity compared to southern populations along with less intraspecific
divergence (Bernatchez 2001). Colonization of northern areas 8,000-12,000 years ago
is often evident in genetic data that indicates range expansion and rapid population
growth (Bernatchez 2001). Furthermore, populations in the north have been colonized
from multiple glacial refugia (Bernatchez 2001). Since fish are obligatory hosts during
part of the freshwater mussel life cycle, mussels were likely carried and dispersed into
formerly glaciated areas by fish, and therefore mussels and their host fish should have
similar patterns in distribution and genetic structure.

There are about 300 freshwater mussel species in North America, and several
species have distribution ranges from Canada to the Gulf of Mexico (Cummings &

Mayer 1992; Parmalee & Bogan 1998). Host fish, necessary to transform mussel larvae
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to juveniles, influence the downstream and upstream distribution of mussels. Mussels
that use migratory fish are likely to have less population genetic differentiation than
mussels that use fish with small home ranges. Reproductive patterns vary among
mussel species, with some larvae parasitizing fish during the spring which may promote
dispersal due to high water, while others remain on fish in the fall when low water levels
may limit fish movement. Large-river mussel species have very little genetic population
structure over great distances, and populations north of the glacial maximum often have
lower levels of genetic diversity than their counterparts in the south (Elderkin et al. 2007,
2008; Zanatta & Murphy 2008). Even in species that occupy medium to small streams,
populations in the north have less diversity than those in the south (Zanatta & Murphy
2008). Biogeographic studies have shown that mussels colonized new habitats from
multiple refugia (Graf 1997, 2002), which is concordant with fish (Mandrak & Crossman
1992). Genetic diversity of populations in the north has confirmed colonization from
multiple refugia for some mussel species (Elderkin et al. 2007, 2008), but not for others
(Zanatta & Murphy 2007, 2008).

The Canadian Interior, Upper Mississippi (UM), and Great Lake basins were
heavily affected by the last Wisconsin ice sheet of the Pleistocene era (Graf 1997).
Glacial Lake Agassiz connected upper midwest drainage systems of the Great Lakes,
UM, Red River of the North (RRN), and Lake of the Woods (LOW; RRN and LOW are
now part of the Nelson drainage basin into Hudson Bay), and as ice melted, it was
drained by two outlets. One was Glacial River Warren, whose riverbed is now occupied
by the RRN and Minnesota Rivers, and the second followed the current valley of the St.
Croix River. Lake Agassiz, which once covered all of the current drainage systems in
the area, may have been the agent for mussel dispersal into all of these drainages. If
this is true, then fish and mussel species should be shared within these systems.
However, this is not the case (Graf 1997). Fauna in the LOW, UM (Lake Itasca to
Minneapolis and the St. Croix rivers), and Lake Superior drainages are not shared with
the RNN system; only the UM and RRN drainages have the same fauna (Graf 1997;
Radke 1992). An alternate explanation for dispersal of UM fauna into the RRN is post-
Lake Agassiz dispersal via stream head capture. Radke (1992) proposed that the Otter
Tail River of western MN was captured by the RRN after Lake Agassiz was drained
(8600 years ago). This would explain common species between the UM and RRN, and

the lack of species shared between the RRN, LOW, and Lake Superior drainages (Graf
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1997; Radke 1992). Post-glacial dispersal is in contrast to several other studies which
show proglacial lakes, such as Lake Agassiz, were often used to disperse fauna far and
wide (Bernatchez 2001; Gagnon & Angers 2006).

Lampsilis cardium is widely distributed in the entire Mississippi, RRN, and LOW
systems in previously glaciated areas; and in southern areas that were never glaciated.
| evaluated patterns of genetic diversity between populations in the north versus the
south to determine if this large-river species has similar patterns found in other species
of fish and mussels. Populations in the Upper Midwest and Canadian drainages were
used to determine if stream head capture of the Otter Tail River allowed post-
Pleistocene dispersal from the UM into the RRN. Based on previous studies of fish and
mussels, there are some explicit hypotheses to test: 1) Genetic diversity in populations
in previously glaciated regions is lower than in populations from southern areas that
were non-glaciated. This predicts that there will be fewer haplotypes and lower
nucleotide diversity in northern populations relative to southern populations. 2)
Populations in the north were colonized from multiple refugia, thus northern populations
should have genetic evidence of range expansion. 3) If the Otter Tail River was
captured post-Pleistocene by the RRN, then populations in the Pomme de Terre River
should be more similar to populations in the RRN system than they are to populations in
the LOW system. This predicts lower pairwise Fsr values, indicating higher similarity,
between Pomme de Terre and RRN populations than between RRN and LOW

populations.

Materials and methods

Sample collection

Samples were obtained from 13 populations in six drainages (Figure 1). One
population was obtained from Lake St. Clair (Great Lakes), the Rainy River (LOW),
Pomme de Terre River (tributary of the Minnesota River; UM), and the Boone River
(UM). Two populations were sampled in the Assiniboine system and one in the Roseau
River, all part of the RRN system. Two populations from the UM were sampled. These
nine populations are all north of the glacial maximum. Another four populations were
sampled south of the glacial maximum: two in the lower Mississippi drainage in the
Spring and Ouachita Rivers in AR; and two in the lower Ohio system in the Green and

Licking Rivers of KY (Figure 1). Tissue clips were taken from the mantle of 116 animals
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in the field and preserved in 95% ethanol or on dry ice and frozen at -80 °C until DNA

was extracted.

Analyses

Total genomic DNA was extracted from tissues using ~25 mg tissue and DNeasy
(Qiagen Inc., Valencia, CA) animal tissue kits. Polymerase chain reaction (PCR)
amplification of 633 base-pairs of the COI gene was performed using primers from
Walker et al. (2006); LCO22me2 (5'-GGTCAACAAATCATAAAGATATTGG-3’) and
HCO700dy2 (5-TCAGGGTGACCAAAAAATCA- 3') (Midland Certified Reagent
Company, Midland, TX). In a final volume of 50 ul, the PCR mix contained 0.01 ug
genomic DNA, 0.5 yM each primer, 4.0 mM MgCl,, and Taq master mix (Qiagen Inc.)
that provided 200 uM of each dNTP, and 2.5 U Taq. Amplification was performed in
PTC-200 or PTC-100 thermocyclers (MJ Research, Waltham, MA) with an initial
denaturation of 94°C for 120 seconds followed by 35 cycles of 30 seconds at 94°C, 30
seconds at 40°C, 90 seconds at 72°C, and an extension phase at 72°C for 210
seconds. PCR products were run on 2% agarose gels and gel-isolated using the
QlAquick Spin Kit (Qiagen Inc.). To ensure accurate base calls, DNA samples were
cycle sequenced in both directions with BigDye v3.1 (Applied Biosystems Inc. Foster
City, CA, ABI) and analyzed on an ABI Prism 3100 or 3730 sequencer (ABI).
Sequences were aligned by eye, using only base-pair (bp) substitutions in BioEdit 7

(Hall 1999); all polymorphic sites were confirmed with the raw electropherograms.

Data analysis

Genetic diversity was quantified as the number of haplotypes, the mean number
of different bp, and nucleotide diversity (17; Nei 1987) in Arlequin 3.1 (Schneider et al.
2000). The number of haplotypes and nucleotide diversity within populations was
tested for correlation with latitude using linear regression analysis. A phylogeny was
estimated with maximum parsimony (MP) in MEGA 4.0 (Tamura et al. 2007). Three
Lampsilis ovata sequences, two from the Licking River site and a third from Genbank
(AY613826), along with a single Cumberlandia monodonta sequence were used to root
the tree. Tree topology was evaluated with 1000 bootstrap replicates, and branches
with over 50% support were considered strong. Maximum parsimony was also used to
construct a network of all individual gene sequences using the program TCS version

1.13 (Clement et al. 2000). This analysis depicts relationships among haplotypes in a
46



network and it also displays the frequency of haplotypes. Multiple connections or loops
among haplotypes were simplified using a coalescent approach (Fetzner & Crandall
2003), where mutations are more probable if they arose from a more frequent
haplotype.

Genetic differentiation was analyzed within drainages with more than one
population sampled and among drainages over a large geographic area. Populations
were split into six groups: Great Lakes, Rainy River, RRN (Assiniboine, Souris, and
Roseau Rivers), UM (including Pomme de Terre and Boone Rivers), Ohio River (KY
sites), and lower Mississippi River (AR sites). Differentiation was quantified with
analysis of molecular variance (AMOVA,; Excoffier et al. 1992) and significance was
tested using 1023 nonparametric permutations with a = 0.05 (Weir & Cockerham 1984).
Further evidence of genetic population structure was quantified by calculating Fst
values (Tamura & Nei 1993) for each pair of populations using 1023 permutations and
significance determined at a = 0.05. Isolation-by-distance (IBD) was tested for using a
Mantel test for matrices of pairwise Fst values and geographic distances measured by
linear river distances (km). Geographic distances between each pair of populations
were measured to the nearest km using the path measurement tool in GoogleEarth®

(www.googleearth.com) and following each bend in the river. Populations were placed

into GoogleEarth with coordinates obtained onsite with a Garmin (Olathe, KS) handheld
Global Positioning Unit. Drainage systems were measured through temporary
connections established as glacial lakes drained at the end of the Pleistocene, which
are described below. Evidence of demographic expansion was evaluated with
mismatch distributions calculated in Arlequin where a Poisson distribution would be
expected if populations had recently expanded (Rogers & Harpending 1992; Slatkin &
Hudson 1991). Mismatch distributions were calculated with 1000 replicates for each
population and for populations grouped as northern or southern (Table 1).

To evaluate the hypothesis of a post-Pleistocene connection between the UM
and the RRN, the relationship among populations in the Pomme de Terre and Rainy
rivers and tributaries of the RRN were evaluated. A haplotype network was constructed
in TCS with maximum parsimony for only those sequences found in these three
systems. Pairwise Fsr values were used to determine differences among populations.
Pomme de Terre and RRN populations should have lower pairwise Fst values than

Pomme de Terre and Rainy River populations.
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Further exploration of historical effects of the Pleistocene was conducted with
nested clade analysis (NCA; Templeton et al. 1995; Templeton 1998; Templeton 2004).
Nested clade analysis is a powerful methodology that adds a temporal perspective to
spatial population genetics (Fetzner & Crandall 2003). Templeton’s work, and that of
many others, has used NCA for terrestrial species where geographic distances are
measured as the shortest distance between the centers of each population. In contrast
river distances have been used in NCA for aquatic species (Bernatchez 2001; Fetzner &
Crandall 2003) because this measure reflects the actual distance freshwater animals
must travel between populations. Therefore, NCA was conducted on the haplotype
network using the program Geodis (Posada et al. 2000) with linear river distances (km).

Both NCA and Mantel tests for IBD required river distances to be measured
between currently disconnected drainage systems (Figure 1). These systems were
connected for measurement purposes based on former connections during glacial
retreat. RRN sites and sites in the UM were connected through the headwaters of the
Otter Tail and Mississippi Rivers because the RRN may have captured the Otter Tail
river from the Pomme de Terre River, a tributary of the Minnesota River and the UM
(Graf 1997). The Rainy River population was also connected to the UM River via Lake
Winnipeg and the RRN (Graf 1997, and references therein). The Rainy River site was
connected to the Lake St. Clair site via Lakes Superior and Huron. Lake St. Clair was
connected to the Ohio River drainage sites (Green and Licking) via Lake Erie, the
Maumee, St. Joseph, and Wabash rivers (around Ft. Wayne IN) which drained glacial
Lake Erie at the end of the Pleistocene (Graf 2002). All other sites were connected via

the Mississippi River.

Results

A 633-bp section of the COI gene was sequenced for 116 individuals, producing
26 unique haplotypes. Haplotypes were at most 15 bp different from each other, and
there were several haplotypes that were only 1 bp different. Overall, there were no
significant relationships between latitude and any measure of diversity (data not shown),
Only Lake St. Clair and the Ohio River tributaries had multiple copies of the same
haplotype in their populations (Table 1).

The MP gene tree was shallow and had little resolution, but L. cardium was

monophyletic and distinct from L. ovata with strong bootstrap support (Figure 2). Only
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two other branches had over 50% support, but one with 88% support could be
considered a second lineage. This lineage had limited distribution in the Licking River,
Lake St. Clair, and the MR. This lineage was also differentiated in the parsimony
network, and was separated from all other sequences by three bp (Figure 3). It might
be noted that haplotypes from the Green River were separated into two clades with
different associations (Figure 3). In clades 1-2 and 2-2, Green River haplotypes were
united with most other sites except for the Licking River. In clade 3-3, it was united with
all other sites, including the Licking River.

AMOVA revealed structure among drainages, among populations within
drainages, and within populations, and Fst = 0.13. Most genetic variation (87%) was
within populations (p = 0.003), and 4% was among populations within drainages (p =
0.022). Over the entire scale of this study, 9% of the variation was among drainages (p
= 0.014). Most of the among-population variation within drainages was driven by
differences between the Licking and Green Rivers of the Ohio system, and differences
within the MR and its tributaries, the Boone and Minnesota Rivers (Table 2). At the
largest spatial scale, the southern sites in the Licking, Ouachita, and Spring Rivers had
significant pairwise Fst values with nearly all of the northern sites (Table 2). The Green
River population only differed from one of the UM sites and none of the other northern
populations (Table 2). Despite some of the closest populations having significant
pairwise Fst values, there was a significant relationship between geographic and
genetic distance, (r = 0.36, p = 0.003), indicating IBD and a stepping stone pattern of
dispersal (data not shown). Mismatch distributions for southern populations had 2 to 4
modes (Table 1) and high variances (except for Green River) which means that
southern populations were likely stable over long time periods, and there was no recent
population growth or range expansion. However, in all northern populations but the
Boone River, there are 2 modes with much lower variances (Table 1). Mismatch
distributions of northern populations grouped together did not fit the expected
distribution for a model of range expansion (Rogers & Harpending 1992), but southern
populations grouped together did (Table 1). Furthermore, some of the individual
northern populations fit a model of range expansion, but so did some of the southern
populations (Table 1).

Closer study of the three northern systems to evaluate post-Pleistocene dispersal

did not support the hypothesis of stream head capture of the Otter Tail River by the
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RRN, but it did not rule out broad distribution via Lake Agassiz. Only the Pomme de
Terre River population contained unique haplotypes within this smaller set of data, and
the most common haplotypes were in all three systems (Figure 4). The right branch of
the network is made up solely of haplotypes from the Pomme de Terre and Red rivers
(Figure 4). None of the pairwise Fst values was significant (Table 2). However, the
magnitude of pairwise Fst values between populations in the Assiniboine and Souris
rivers and Pomme de Terre River are smaller than values for the Roseau and Rainy
rivers with the Pomme de Terre River. The Pomme de Terre River is differentiated
equally from the Roseau River and Rainy River.

Nested clade analysis is most powerful when populations are sampled intensely
over the entire species range, but that was not feasible for this study. Even so, NCA
was able to infer past evolutionary events for this species. Clades 2-5 and 3-2 (Figure 3)
had significant outcomes which inferred past fragmentation followed by long-distance

colonization or range expansion (Table 3).

Discussion

Pleistocene glaciations influenced species distributions and left evidence in
patterns of genetic variation (Hewitt 1996). There was no difference in diversity
between populations in the north compared to the south in L. cardium, but there was
evidence that the Lake St. Clair population was colonized from at least two glacial
refugia. The other northern populations appeared to be colonized from a Mississippian
refugium. Genetic data for L. cardium do not support a post-Pleistocene dispersal route
via the Otter Tail River, but rather widespread dispersal into most northern drainages
via Lake Agassiz.

Lampsilis cardium in these populations did not exhibit a common pattern of
reduced genetic diversity in northern populations as compared to southern populations.
This could be due to small sample sizes for the AR populations from the Ouachita and
Spring Rivers. There were only 6 samples from each of these populations; therefore,
genetic diversity may be underestimated for southern populations.

Mussels in large rivers show less genetic population structure than those that live
in smaller rivers or headwater streams (Berg et al. 1998; Elderkin et al. 2008; Turner et
al. 2000), likely due to the vagility of host fish in large rivers (Berg et al. 2007). The

pattern observed for L. cardium is no different; Fsr for these populations was 0.13,
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which was within the range reported (0.031 to 0.62) for other mussels (Elderkin et al.
2007, 2008; Machordom et al. 2003). This level of population divergence can be
expected if dispersal follows a stepping-stone model of gene flow, which is indicated by
significant correlation between geographic and genetic distances (Slatkin 1985).
Large-river species commonly found with L. cardium, such as Amblema plicata and
Actinonaias ligamentina, also follow this model of dispersal (Elderkin et al. 2007, 2008).
Mussels rely on fish for dispersal, and these three species use from 8-14 different hosts,
with 4 common species among them in the sunfish and perch families (Mussel Host
Database, The Ohio State University Museum of Biological Diversity,

http://www.128.146.250.63/bivalves). These fish species are common and widespread,

which would facilitate dispersal over great distances. Although smallmouth bass may
move up to 75 km (Lyons & Kanehl 2002), most likely mussels are not dispersed via
long-distance events, but more often over shorter distances between neighboring
populations (Elderkin et al 2008). The timing of glochidia release may also influence
dispersal distances, and both A. ligamentina and L. cardium are long-term brooders that
hold glochidia overwinter, releasing them in the spring. Fish hosts common between
these two mussels spawn in the spring, so reproductive migration would be occurring
when glochidia are on the fish. Weak genetic structure over large spatial scales can
also be recovered in species with high effective population sizes (Waples 1998); L.
cardium is one of the more common and stable species in North America (Cummings &
Mayer 1992). Large population sizes reduce genetic drift and maintain high levels of
diversity, which could explain the lack of structure among these populations.
Populations of northern species are consistently shown to be the product of
dispersal north from multiple glacial refugia. This is a common finding in fish species as
well (Bernatchez & Wilson 1998). The strongest signal of multiple refugia for L. cardium
is in the single Great Lakes population from Lake St. Clair. This population contained
haplotypes from both lineages designated in the network and MP-tree. The smaller
clade contained haplotypes from the Licking River, a tributary of the Ohio River. Other
mussels in the Lake Erie drainage commonly have haplotypes that spread from an Ohio
River refugium, which was connected to Lake Erie at the end of the Pleistocene via the
Maumee and Wabash Rivers (Elderkin et al. 2008; Zanatta & Murphy 2007; Hoisington
et al., unpublished data). The second lineage in L. cardium from the Great Lakes was

widely spread within the Mississippi drainage. This lineage could have been isolated in
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the Ozark or Ouachita highlands as it was found in both the Spring and Ouachita River
populations. Nested clade analysis for the clade containing haplotypes in lineage 1 also
inferred fragmentation in both highland areas, followed by dispersal into the upper
Mississippi and as far north as the Pomme de Terre in MN. Dispersal from an Ozark
refuge into the upper Mississippi River has also been documented for fish species,
including percids (Near et al. 2001) which serve as hosts for L. cardium.

Patterns in the distribution of haplotypes in the Licking and Green Rivers could
reflect the different geologic past of the upper and lower Ohio River. The parsimony
network revealed some interesting groupings of haplotypes from the Ohio system.
Clades 1-2 and 2-2 grouped some Green River haplotypes with most other populations,
except for the Licking River. The Green River is known for its high levels of endemism
(Burr & Page 1991), which would also explain the higher nucleotide diversity in this
population. The rest of the Green River haplotypes grouped with some from the Licking
River population and most other populations into clades 3-1 and 3-3. Prior to the
Pleistocene, the Ohio River did not exist as a single river (Burr & Page 1991). The
Licking River was part of the upper Ohio or Ancient Teays river system and the Green
River was part of the lower Ohio that drained into the old Tennessee River. Due to the
limited sampling in this study, it is not clear if there would be evidence of this deeper
divergence within L. cardium. Green and Licking Rivers are south of the glacial
maximum, but they would have been close to the edge of the ice, with fringe habitats
affected by melt water. These marginal habitats in the Green and Licking Rivers
probably would not have supported long-term stable populations throughout repetitive
cycles of glaciers. Founder-flush cycles created as populations in these rivers were
extirpated and recolonized could have caused pre-Pleistocene diversity to be lost
(Bernatchez & Wilson 1998).

Results of this study do not clarify how dispersal of fauna occurred from the UM
into the RRN (Assiniboine, Souris, and Roseau Rivers), LOW (Rainy River) and Lake
Superior drainages. Nested clade analysis indicates there was colonization and range
expansion into northern populations, but this was not demonstrated in a mismatch
distribution for sequences from northern populations. Regardless, the shallow nature of
the MP tree and the widespread distribution of most haplotypes are indicative of range
expansion (Avise 2000). Furthermore, haplotypes from all of the above drainages are in

areas formerly connected via glacial Lake Agassiz, which could have been provided the
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opportunity for dispersal among all of these systems (Gagnon & Angers 2006; Rempel
& Smith 1998). There were no patterns of unique haplotypes that might indicate that
dispersal was only out of the Pomme de Terre River into the RRN.

Further study is needed to test dispersal of aquatic fauna from the MR into the
RRN; additional sample sites would go a long way to advancing our understanding of
dispersal among the RRN, LOW, and MR systems. Comparative studies of additional
species would also help clarify the situation, because L. cardium is common among all
drainages and continued gene flow in current drainage systems could complicate
interpretation of genetic and geographic patterns. Studies including species found only
in the RRN and UM and a different species found only in the LOW and UM drainages

would provide comparative phylogenies to corroborate or refute these results.

53



References

Avise JC (2000) Phylogeography: the history and formation of species. Harvard
University Press, Cambridge, Massachusetts.

Berendzen PB, Simons AM, Wood RM (2003) Phylogeography of the northern
hogsucker, Hypentelium nigricans (Teleostei: Cypriniformes): genetic evidence for
the existence of the ancient Teays River. Journal of Biogeography, 30, 1139-1152.

Berg DJ, Cantonwine EG, Hoeh WR, Guttman S| (1998) Genetic structure of Quadrula
quadrula (Bivalvia: Unionidae): little variation across large distances. Journal of
Shellfish Research, 17, 1365-1373.

Berg DJ, Christian AD, Guttman SI (2007) Population genetic structure of three
freshwater mussel (Unionidae) species within a small stream system: significant
variation at local spatial scales. Freshwater Biology, 52, 1427-1439.

Bernatchez L, Wilson CC (1998) Comparative phylogeography of Neararctic and
Palearctic fishes. Molecular Ecology, 7, 431-452.

Bernatchez L (2001) The evolutionary history of brown trout (Salmo ftrutta L.) inferred
from phylogeographic, nested clade, and mismatch analyses of mitochondrial DNA
variation. Evolution, 55, 351-379.

Burr BM, Page LM (1991) Zoogeography of fishes of the lower Ohio-upper Mississippi
basin. In: Zoogeography of North American freshwater fishes (eds. Hocutt CH,
Wiley EO) pp. 287 John Wiley and Sons, Inc., Hoboken, NJ.

Clement M, Posada D, Crandall KA (2000) TCS: a computer program to estimate gene
genealogies. Molecular Ecology, 9, 1657-1659.

Cummings KS, Mayer CA (1992) Field guide to freshwater mussels of the Midwest,
Manual 5. lllinois Natural History Survey.

Elderkin CL, Christian AD, Vaughn CC, Metcalfe-Smith JL, Berg DJ (2007) Population
genetics of the freshwater mussel, Amblema plicata (Say 1817) (Bivalvia:
Unionidae): evidence of high dispersal and post-glacial colonization. Conservation
Genetics, 8, 355-372.

Elderkin CL, Christian AD, Metcalfe-Smith JL, Berg DJ (2008) Population genetics and
phylogeography of freshwater mussels in North America, Elliptio dilatata and
Actinonaias ligamentina (Bivalvia: Unionidae). Molecular Ecology, 17, 2149-2163.

Excoffier L, Smouse PE, Quattro JM (1992) Analysis of molecular variance inferred from
metric distances among DNA haplotypes -application to human mitochondrial-DNA
restriction data. Genetics, 131, 479-491.

Fetzner JW, Crandall KA (2003) Linear habitats and the nested clade analysis: an
empirical evaluation of geographic versus river distances using an Ozark crayfish
(Decapoda: Cambaridae). Evolution, 57, 2101-2118.

54



Gagnon MC, Angers B (2006) The determinant role of temporary proglacial drainages
on the genetic structure of fishes. Molecular Ecology, 15, 1051-1065.

Graf DL (1997) Northern redistribution of freshwater pearly mussels (Bivalvia:
Unionoidea) during Wisconsin deglaciation in the southern Glacial Lake Agassiz
region: a review. American Midland Naturalist, 138, 37-47.

Graf DL (2002) Historical biogeography and late glacial origin of the freshwater pearly
mussel (Bivalvia: Unionidae) faunas of Lake Erie, North America. Occasional Papers
on Mollusks Museum of Comparative Zoology Harvard University, 6, 175-211.

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symposium Series, 41, 95-
98.

Hardy ME, Grady JM, Routman EJ (2002) Intraspecific phylogeography of the slender
madtom: the complex evolutionary history of the Central Highlands of the United
States. Molecular Ecology, 11, 2393-2403.

Hewitt GM (1996) Some genetic consequences of ice ages, and their role in divergence
and speciation. Biological Journal of the Linnaean Society, 58, 247-276.

Lyons J, Kanehl P, eds (2002) Seasonal movements of smallmouth bass in streams.
American Fisheries Society, Bethesda, MD.

Machordom AR, Araujo R, Erpenbeck D, Ramos MA (2003) Phylogeography and
conservation genetics of endangered European Margaritiferidae (Bivalvia:
Unionoidea). Biological Journal of the Linnaean Society, 78, 235-252.

Mandrak NE, Crossman EJ (1992) Postglacial dispersal of freshwater fishes into
Ontario. Canadian Journal of Zoology, 70, 2247-2259.

Near TJ, Page LM, Mayden RL (2001) Intraspecific phylogeography of Percina evides
(Percidae: Etheostomatinae): an additional test of the Central Highlands pre-
Pleistocene vicariance hypothesis. Molecular Ecology, 10, 2235-2240.

Nei M (1987) Molecular evolutionary genetics. Columbia University Press, New York.

Parmalee PW, Bogan AE (1998) The freshwater mussels of Tennessee, first ed. The
University of Tennessee Press, Knoxville, Tennessee.

Posada D, Crandall KA, Templeton AR (2000) GeoDis: a program for the cladistic
nested analysis of the geographical distribution of genetic haplotypes. Molecular
Ecology, 9, 487-488.

Radke S (1992) Otter Tail River fishes and mussels; an old connection. MS thesis,
University of Minnesota.

Ray JM, Wood RM, Simons AM (2006) Phylogeography and post-glacial colonization
patterns of the rainbow darter, Etheostoma caeruleum (Teleostei: Percidae). Journal
of Biogeography, 33, 1550-1558.

55



Rempel LL, Smith DG (1998) Postglacial fish dispersal from the Mississippi refuge to
the Mackenzie River basin. Canadian Journal of Fisheries and Aquatic Sciences, 55,
893-899.

Rogers AR, Harpending H (1992) Population growth makes waves in the distribution of
pairwise genetic differences. Molecular Biology and Evolution, 9, 552-569.

Schneider S, Roessli D, Excoffier L (2000) Arelquin, v. 2.0: a software for population
genetics analysis. [Online] http://Igb.unige.ch/arlequin/software/.

Slatkin M (1985) Gene flow in natural populations. Annual Review of Ecology and
Systematics, 16, 393-430.

Slatkin M, Hudson RR (1991) Pairwise comparisons of mitochondrial-DNA sequences in
stable and exponentially growing populations. Genetics, 129, 555-562.

Strange RM, Burr BM (1997) Intraspecific phylogeography of North American highland
fishes: a test of the Pleistocene vicariance hypothesis. Evolution, 51, 885-897.

Switzer JF (2004) Molecular systematics and phylogeography of the Etheostoma
variatum species group (Actinopterygii: Percidae). PhD thesis, Saint Louis
University.

Tamura K, Nei M (1993) Estimation of the number of nucleotide substitutions in the
control region of mitochondrial-DNA in humans and chimpanzees. Molecular Biology
and Evolution, 10, 512-526.

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: molecular evolutionary genetics
analysis (MEGA) software version 4.0. Molecular Biology and Evolution, 24, 1596-
1599.

Templeton AR, Routman E, Phillips CA (1995) Separating population structure from
population history — a cladistic analysis of the geographical distribution of
mitochondrial DNA haplotypes in the tiger salamander, Ambystoma tigrinum.
Genetics, 140, 767-782.

Templeton AR (1998) Nested clade analyses of phylogeographic data: testing
hypotheses about gene flow and population history. Molecular Ecology, 7, 381-397.

Templeton AR (2004) Statistical phylogeography: methods of evaluating and
minimizing inference errors. Molecular Ecology, 13, 789-809.

Turner TF, Trexler JC, Harris JL, Haynes JL (2000) Nested cladistic analysis indicates
population fragmentation shapes genetic diversity in a freshwater mussel. Genetics,
154, 777-785.

Vucetich JA, Waite TA (2003) Spatial patterns of demography and genetic processes
across the species' range: null hypotheses for landscape conservation genetics.
Conservation Genetics, 4, 639-645.

56



Walker JM, Curole JP, Wade DE, Chapman EG, Bogan AE, Watters GT, Hoeh WR
(2006) Taxonomic distribution and phylogenetic utility of gender-associated
mitochondrial genomes in the Unionoida (Bivalvia). Malacalogia, 48, 265-282.

Waples RS (1998) Separating the wheat from the chaff: patterns of genetic
differentiation in high gene flow species. Journal of Heredity, 89, 438-450.

Wares JP, Turner TF (2003) Phylogeography and diversification in aquatic mollusks. In:
Molecular systematics and phylogeography of mollusks (ed. Lydeard, C. Lindberg,
D.R.) pp. 229-269 Smithsonian Institution, Washington D.C.

Weir BS, Cockerham CC (1984) Estimating F-Statistics for the analysis of population
structure. Evolution, 38, 1358-1370.

Whiteley AR, Spruell P, Allendorf FW (2004) Ecological and life history characteristics
predict population genetic divergence of two salmonids in the same landscape.
Molecular Ecology, 13, 3675-3688.

Zanatta DT, Murphy RW (2007) Range-wide population genetic analysis of the
endangered northern riffleshell mussel, Epioblasma torulosa rangiana (Bivalvia:
Unionoida). Conservation Genetics, 8, 1393-1404.

Zanatta DT, Murphy RW (2008) The phylogeographical and management implications
of genetic population structure in the imperiled snuffoox mussel, Epioblasma
triquetra (Bivalvia: Unionidae). Biological Journal of the Linnaean Society, 93, 371-
384.

57



Table 1. Descriptive statistics of sampling sites for Lampsilis cardium.

Corrected Number of Mean no.

number of unique base pairs  Nucleotide Mismatch Mismatch
Site Name Site ID N haplotypes  haplotypes different diversity (1) modes variance
Northern - - - - - - 3 66.7
Upper Miss. Pool 8 M1 22 22 1 3.10 0.0049 3* 4.1
Upper Miss. Pool 14 M2 4 4 0 4.67 0.0074 2 13.1
Pomme de Terre River PT 14 14 1 4.72 0.0084 3 285.9
Assiniboine River AS 4 4 0 2.00 0.0032 2 24
Souris River SR 5 5 0 2.60 0.0041 2 2.0
Roseau River RO 4 4 0 1.50 0.0024 2 2.7
Rainy River RR 6 6 0 1.93 0.0031 2* 24
Boone River BR 5 5 1 1.80 0.0028 1* 1.5
Lake St. Clair LS 8 5 2 4.64 0.0073 4* 5.2
Southern - - - - - - 4* 122.6
Spring River SP 6 6 1 2.00 0.0032 2* 1.7
Ouachita River OR 6 6 0 1.20 0.0019 2 1.6
Licking River LR 14 14 2 7.86 0.0124 4* 116.7
Green River GR 18 14 6 7.67 0.0120 4* 201.4

*Indicates mismatch distributions fit a model of range expansion.



Table 2. Pairwise Fst estimates (Tamura & Nei 1994) for the partial COI gene in 13 populations of Lampsilis cardium. Locations

are as in Table 1.

Location M1 M2 PT AS SR RO RR BR LS SP ou LR
M1
M2 0.2347*
PT 0.0442*  0.0626
AS 0.0879  0.2593*  0.0349
SR 0.0431 0.2102 0.0066  -0.2166
RO 0.2351*  0.3151 0.0858  -0.1667 -0.0657
RR 0.0772  0.3544* 0.0784 -0.1914 -0.1174  0.1112
BR 0.1211 0.3084*  0.0730 -0.2644 -0.1457 -0.0693 -0.1574
LS 0.0398 -0.0949  0.0273 0.0308  -0.0011 0.1247 0.0839 0.0679
SP 0.1476* 0.4337* 0.0144  0.4801* 0.3798*  0.595*  0.4789* 0.4996* 0.212*
ou 0.3230* 0.5997* 0.0998 0.6633* 0.5824* 0.7501* 0.6510* 0.6662* 0.3849* 0.2613*
LR 0.1929* 0.2024* 0.1157* 0.2169* 0.201*  0.2886* 0.2359* 0.2425* 0.1607* -0.0087  0.1232
GR 0.0538*  0.1429 0.0117 0.0478 0.0335 0.1144 0.0778 0.0872 0.0627  -0.0494 0.0903  0.0423*

Estimates are significantly greater than zero (*) at p = 0.05 using 1023 nonparametric permutations of the data.



Table 3. Nested clade analysis of geographical associations for clades from Figure 3.

Permutational chi-
Clade square statistic Probability Inference Key # and outcome

1, 2, 3, 5, 15, past fragmentation and long
distance colonization

1, 2, 11, 12, 13, fragmentation and then
range expansion

2-5 40.53 0.0004

3-2 137.01 0.0000

Clades with neither genetic nor geographic variation and clades without enough
geographic sampling to make inferences were excluded.
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Figure 1. Distribution range for Lampsilis cardium in North America (shaded region)
and sampling locations (circles) for phylogeographic analyses. Location labels as in
Table 1.
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Figure 2. Maximum parsimony tree for Lampsilis cardium partial COl sequences.
Locations where haplotypes were found follow Table 1. Numbers at nodes indicate
percent support from 1000 bootstrap replications. Outgroups discussed in text.
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Figure 3. Parsimony network with nested clades (boxes) for Lampsilis cardium COlI
haplotypes showing 1-, 2-, 3-, and 4-step clades that contain genetic and geographical
variation. Lines connecting ovals represent one base-pair difference between
haplotypes (ovals), small circles are inferred missing haplotypes, and haplotype
frequency is relative to the size of the oval. Lineage 2 is contained within clade 3-1.
Asterisk (*) indicates significant inference in NCA. Letters designate locations where
the haplotype was found, abbreviations follow Table 1.
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H1: Red River5
Pomme de Terre 2
Rainy River4

H2: Red River 7
PT1
Rainy River 2

Figure 4. Parsimony network for Lampsilis cardium COIl haplotypes from Pomme de
Terre River, Red River tributaries and Rainy River populations. Lines represent one
base-pair difference between haplotypes represented as ovals, small circles are inferred
missing haplotypes, and haplotype frequency is relative to the size of the ellipse.
Square haplotype is the 95% confidence ancestral haplotype. PT is Pomme de Terre.
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Chapter 4

Population genetic analysis of Lampsilis cardium
in the impounded upper Mississippi River

Abstract

Impoundment of freshwater habitats creates barriers to dispersal for mussels by
blocking movement of host fish, and therefore may reduce gene flow among mussel
populations. Highly variable microsatellite markers are effective in revealing fine-scale
population structure in marine and freshwater organisms. Eight microsatellite markers
were used to assess genetic variation in Lampsilis cardium within and among
populations in river reaches of the upper Mississippi River (UMR), which is fragmented
by a system of locks and dams. Assignment tests were used to estimate contemporary
levels of gene flow for comparison to historic levels inferred with F-statistics. If dams
are effective barriers to mussel dispersal and gene flow, then contemporary gene flow
should be lower than historica gene flow. Most genetic variation was contained at the
population level, and there was no structure evident within the UMR. Fgst values were
non-significant among populations in the river, and even at broader spatial scales
encompassing more distant populations; only weak structure was found. This stretch of
the UMR may be fragmented for this species. Contemporary estimates of gene flow
appear to be lower than estimates of historic gene flow. Tests for equilibrium between
gene flow and genetic drift indicate that high gene flow occurred historically for this

species explaining the lack of genetic structure found in L. cardium.
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Introduction

Freshwater river systems are some of the most anthropogenically altered
ecosystems (Strayer 2006) having been physically modified via channelization and
impoundment. In North America, 72% of all large river systems are moderately or
heavily affected by fragmentation, channelization, or impoundment (Nilsson et al. 2005).
Altering the physical nature of rivers destroys habitats, such as fast-flowing water, and
cuts off main-channel areas from side channels or back water lakes. Reservoirs
created behind dams submerge shallow river habitats in deep, slow moving water,
displacing benthic organisms and changing pelagic species due to changes in light
penetration, nutrient dynamics, and food web arrangements (Amoros & Bornette 2002).
Dams also fragment river systems into shorter river reaches, which negatively affects
some aquatic fauna (Nilsson et al. 2005; Pringle 2001).

Habitat fragmentation can be defined as the breaking apart of habitat (Fahrig
2003), which isolates patches of suitable habitat within a matrix of unsuitable habitat
(Wiegand et al. 1995). In lotic systems, upstream habitats are separated from
downstream habitats by dams (Stanford & Ward 2001). Dams are also barriers to
dispersal for vagile aquatic organisms, and even low-head dams of less than one meter
can prohibit fish movement upstream (Watters 1996). Fragmentation of rivers affects
distribution, growth, and abundance of fish (Quinn & Kwak 2003). When dispersal is
prevented, gene flow and connectivity among populations are stopped. Dams also
reduce genetic diversity in some fish species (Haponski et al. 2007; Hanfling &
Weetman 2006; Yamamoto et al. 2004), but not others (Reid et al. 2008). Fish and
unionid mussels are tightly linked in nature, because fish act as hosts for parasitic
larvae (glochidia) of mussels. Mussel dispersal over longer distances, especially
upstream, primarily occurs as larvae travel on host fish. Adult mussels are relatively
sessile, while gametes and juveniles are primarily dispersed downstream with flow
(Parmalee & Bogan 1998).

Freshwater mussels have experienced precipitous declines due to impoundment
of rivers (Lydeard et al. 2004). Mussel species that only use one or a few host fish have
been especially affected by dams impeding dispersal of their hosts (Watters 1996). For

example, the elephant ear (Elliptio crassidens, Lamarck) and ebony shell (Fusconaia
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ebena, Lea) mussels use skipjack herring (Alosa chrysochloris, Rafinesque) as hosts,
and populations of these mussel species above dams that block fish passage upstream
(Becker 1983) are slowly becoming extirpated as old animals die and no recruitment
occurs (Kelner 2003). Impoundments also create extinction gradients for mussels in
river reaches below dams (Vaughn & Taylor 1999). Low-head dams affect the
distribution of mussel species in the midwest (Watters 1996) and south (McGregor &
Garner 2004). Not all species of mussels show reduced dispersal and abundance
however. A recent study of Lampsilis cariosa did not find any relationship between
genetic diversity and the number, age, or height of dams (Kelly & Rhymer 2005),
perhaps because the study covered a large area in three drainage systems with limited
sampling in each system (Kelly & Rhymer 2005).

Understanding population genetic structure and gene flow for mussel species is
imperative to conserving this highly endangered fauna (National Native Mussel
Conservation Committee1998). This is true even for species that are relatively healthy
because they are in decline from a variety of threats (Berg et al. 2008; Lydeard et al.
2004). There is a small, but growing body of information on genetic variation in
freshwater mussels. However, much of this work has focused on resolving phylogenetic
and phylogeographic relationships (King et al. 1999; Mulvey et al. 1997; Roe et al.
2001; Roe & Lydeard 1998a; Roe & Lydeard 1998b; Serb et al. 2003; Zanatta & Murphy
2006), or on describing genetic structure across broad geographic ranges (Berg et al.
1998; Kelly & Rhymer 2005; Machordom et al. 2003). Relatively few studies have
examined small-scale, local genetic variation within a species of mussel (but see Berg
et al. 2007). Additionally, most of these studies have used mitochondrial (mt) gene
sequence markers, which are most useful at larger spatial scales or for inferring
evolutionary history (but see Geist & Kuehn 2005; Kelly & Rhymer 2005). Most
allozyme and mtDNA studies have not revealed small-scale or local genetic variation for
several aquatic organisms (Duran et al. 2004b; Wirth & Bernatchez 2001), including
mussels (Berg et al. 1998, but see Berg et al. 2007), whereas microsatellite markers
have revealed small-scale, local variation within and among populations in some of
these same organisms in later studies (Duran et al. 2004a; Shaw et al. 1999), including

mussels (Geist & Kuehn 2005). Because of their high variability, microsatellites are the
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single most informative method of current molecular techniques for measuring DNA
variation within and among populations (Avise 2000, 2004; Frankham 2003; Page &
Holmes 1998), and the most useful markers to infer recent gene flow among
populations of organisms.

To study the effects of habitat fragmentation on gene flow, information is needed
on past and current levels of gene flow. Dispersal of individuals among populations can
be directly monitored in the field, but it is difficult to confirm reproduction, and hence
gene flow in the field. Information about population ecology can be gathered with
genetic analyses that are qualitatively similar to that obtained with traditional field
techniques (Paetkau et al. 2004). Microsatellite data is variable enough to provide
information about individual organisms (Estoup & Angers 1998), and simulation studies
have shown that it is possible determine direct, real-time estimates of dispersal
(Paetkau et al. 2004) using assignment tests. Agreement between assignment tests
and genetic data has also been confirmed with field observations (Berry et al. 2004).
Furthermore, since assignment tests use genetic data these dispersal estimates also
include measurement of gene flow, a parameter that cannot be measured by simply
monitoring movement of individuals among populations with field observations.
Ecological study of mussels in large rivers is difficult due to deep, fast water. The long
lifespan of mussels (some live 100 years) makes it impractical to conduct meaningful
mark and recapture studies within a researcher’s lifetime to collect dispersal
information. Mark and recapture studies of mussels are further hindered by vertical
dispersal of mussels within the substrate (Amyot & Downing 1997; Watters et al. 2001),
which can lead to reduced recapture rates for several species. Thus, mussels are good
candidates for study with genetic data.

Lampsilis cardium is a widespread mussel species that lives in medium and large
rivers, and is considered stable across much of its range (Natureserve 2008).
Individuals live at least 50-100 years, become sexually mature around 7-8 years (T.
Newton, personal communication) and use several species of host fish including;
largemouth bass (Micropterus salmoides, Lacépéde), smallmouth bass (M. dolomieu,
Lacépede, bluegill (Lepomis macrochirus, Rafinesque), sauger (Sander

canadensis, Griffith & Smith), walleye (S. vitreus, Mitchill), white crappie (Pomoxis
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annularis, Rafinesque) and yellow perch (Perca flavescens, Mitchill) (Watters & O'Dee
1999; Mussel Host Database, The Ohio State University Museum of Biological Diversity,

http://www.128.146.250.63/bivalves). Some of these hosts move greater distances

upstream and downstream (e.g. walleye) than others (e.g. bluegill; Maracek & Wlosinski
1996).

The highly fragmented Upper Mississippi River (UMR) is that portion of the
Mississippi River controlled by a system of locks and dams stretching from St. Paul,
MN, to Cairo, IL. The dams separate distinct river reaches called navigation pools,
which creates a framework for measuring the population genetic variation of mussels
within a spatial hierarchy. The goal of this study was to evaluate the effect of
fragmentation on mussel populations along a 430-km stretch of the UMR. One
objective was to determine if there was population subdivision or population
differentiation in navigation pools separated by dams. The second objective was to
determine if there are lower levels of contemporary gene flow compared to historic gene
flow. To meet objective one, genetic diversity was measured within a spatial hierarchy
— within populations, among populations within pools, and among pools (Figure 1). To
meet objective two, historic gene flow was inferred and compared to contemporary gene
flow. Assignment tests were used to estimate contemporary gene flow (Berry et al.
2004; Paetkau et al. 2004), while historic gene flow was estimated traditionally as the
number of migrants (Nm) derived from Fst (Whitlock & McCauley 1999). If habitat
fragmentation has created barriers to gene flow among populations or beds of mussels,
then genetic diversity should be partitioned within and among pools and there should be

differences in historic versus contemporary gene flow.

Materials and methods

Sample collection

Lampsilis cardium were obtained from populations in 6 pools of the UMR. In the
UMR, mussels were sampled from a total of 16 populations — three pools (4, 11, 14)
were represented by a single population each and three pools (7, 8, 9) were
represented by multiple populations (Figure 1). For comparison at much broader spatial

scales, populations greater distances away were also sampled: one from the Boone
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River, IA and one from Lake St. Clair, part of the Great Lakes drainage system.
Approximately 20 mussels from each population were collected by hand while wading or
diving, a small clip of mantle tissue was removed non-lethally (Berg et al. 1995), and
mussels were returned alive to the river bottom. Mussels from the UMR were measured
for length to the nearest mm. Tissue samples were preserved on dry ice or in 95%

ethanol in the field and stored at -80°C upon return to the lab.

Molecular analyses

Total genomic DNA was extracted from mantle tissue using DNeasy kits (Qiagen,
Valencia, CA) or by phenol/chloroform (Sambrook et al. 1989). Thirteen of 15 published
primer pairs for a congener (Eackles & King 2002) were screened, and PCR
components and protocols were optimized for target allele amplification. Allele sizes
within the ranges reported (Eackles & King 2002) were considered target alleles. Eight
primers (LabD111, LabD10, LabD206, LabC67, LabD213, LabD29, LabC24, and
LabC2; hereafter referred to only by their numbers) consistently amplified alleles in L.
cardium. PCR amplifications consisted of 100-200 ng of genomic DNA, 1x PCR buffer
(10 mM Tris-HCI, pH 8.3, 50 mM KCl), 2.5 mM (24 and 2), 3.0 mM (primers 111, 10 and
29), or 3.5 mM (primers 206, 67, 213) MgCl,, 0.15% Tween-20, 0.25 mM dNTPs,
approximately 0.5 yM forward and reverse primer, and 0.4 U Taq DNA polymerase in a
total reaction volume of 10 or 15 L.

Amplifications were carried out on PTC-200 or 100 DNA Engine Cyclers (MJ
Research, Waltham, MA) using the following conditions: 94°C initial heating for 2
minutes followed by 45 cycles at 94°C for 40 seconds, 40 seconds at annealing
temperatures (50°C for 2 and 29; 53°C for 24; 56°C for 111, 10, and 206; and 60°C for
67, 219, and 29), and extension at 72°C for 1 minute, concluding with a final extension
at 72°C for 30 minutes to eliminate split-peak artifacts and to push all fragments to the
plus-A length (Applied Biosystems 2005). Visualization of PCR products was
conducted on an Applied Biosystems (ABI; Foster City, CA) 3730 automatic genetic
analyzer that used capillary electrophoresis to resolve DNA fragments with fragment
size calls made in GeneMapper software (ABI). Subtle differences in capillary runs and
point mutations in DNA can create allele fragments that are not exact multiples of

microsatellite base pair repeats which may artificially inflate diversity estimates (Amos et
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al. 2007). Therefore, allele fragment sizes were sorted into allele categories using an
Excel add-in macro, Flexibin (Amos et al. 2007). This method uses an algorithm for
binning alleles that maximizes allele calling accuracy and prevents overestimating the
number of alleles. Microchecker (van Oosterhout et al. 2006) was used to check
binned alleles for genotyping errors, especially the presence of null alleles which are

common in mussel genomes (Kelly & Rhymer 2005).

Data analyses

Summary statistics were calculated with GenAlEx software (Peakall & Smouse
2006). Allelic richness was calculated after adjusting for uneven sample sizes using
rarefaction (Petit et al. 1998) as implemented in Fstat (Goudet 1995). Genepop
(Raymond & Rousset 1995b) was used to test for deviation of genotype frequencies
from Hardy-Weinberg expectation and to conduct randomization tests for linkage
disequilibrium. Population differentiation and structure were assessed with several
different methods. First, Weir and Cockerham’s (1984) Fst -analog (6) was computed
for all pairs of populations within the UMR and for pairs of pools and the Boone River
and Lake St. Clair populations in Arlequin (Schneider et al. 2000). Next, exact tests for
population differentiation were conducted in Genepop (genic differentiation option) for
the UMR populations at two different levels, population and pool. Genic differentiation
tests the null hypothesis that allelic distribution is identical across groups; this was run
with using the Markov chain Monte Carlo method in 100 batches with 1000 iterations
per batch for both levels. Results of locus-specific tests were combined (Fisher’s
method) to give an overall test of differentiation among populations and among pools
because this method gives more weight to rare alleles and is more sensitive to weak
population differentiation than Fst (Raymond & Rousset 1995a). Finally, analysis of
molecular variation (AMOVA; Excoffier et al.1992) was used in Arlequin at two different
spatial scales. Two separate runs were conducted due to the limitation of levels
allowed by the AMOVA analysis in Arelquin (Figure 1). To measure variation within the
UMR only, AMOVA partitioned variation into three levels including within populations,
among populations within pools, and among pools. A second AMOVA was conducted
to include variation at the broadest spatial scale which partitioned variation into three

levels including within populations, among populations within drainages, and among
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drainages. F-statistics were used to estimate gene flow where Fst = 1/(4Nm+1) (Slatkin
1995; Wright 1978). To separate the influence of gene flow from drift on the current
population structure, | used Hutchinson and Templeton’s (1999) graphical approach that
examined the correlation of Fst with geographic distance. Residuals of Fst and
geographic distance (km) were calculated with regression in Excel, and a manual
Mantel test of the residuals and pairwise Fst matrices was run in Arlequin.

Estimating gene flow is typically based on Wright’s F-statistics, which can be
biased because natural populations often do not meet the assumptions of the model
(Pearse & Crandall 2004). Furthermore, Fst tends to reflect past levels of gene flow
(Whitlock & McCauley 1999). In recent years, there has been an explosion of new
analyses for inferring dispersal. A useful application of this method is to compare
historic versus contemporary gene flow (Paetkau et al. 2004; Pearse & Crandall 2004).
Assignment tests can determine the most likely source of an individual among the
sampled populations (Paetkau et al. 2004). The assumptions vary among different
assignment tests (Pearse & Crandall 2004), and in this study, not every possible mussel
population in this stretch of the UMR was sampled. Therefore, | used the assignment
test in Geneclass2 (Piry et al. 2004), which did not require all possible populations to be
sampled, to calculate the likelihood that a given multi-locus genotype originated from
any of the sampled populations. The Bayesian criterion method (Rannala & Mountain
1997; Paetkau et al. 2004) was implemented with 1000 simulations and a = 0.05.
Assignment tests were conducted at two levels to assess the affect of habitat
fragmentation on gene flow. First, analyses were conducted at the population level,
which would indicate gene flow prior to habitat fragmentation, and a second assignment
test was performed with populations grouped into pools which would reflect
fragmentation from dams. An increase in assignment rates from the population level to
the pool level would be consistent with the hypothesis that dams are reducing gene
flow.

Isolation-by-distance was tested by comparing pairwise genetic distances (Fst) to
geographic distances with a Mantel test in Genepop. Geographic distances between
each pair of populations were measured to the nearest km using the path measurement

tool in GoogleEarth® (www.googleearth.com) by following each bend in the river.
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Populations were placed into GoogleEarth with coordinates obtained onsite with a
Garmin (Olathe, KS) handheld Global Positioning Unit. Correlation between genetic
distance and the number of dams between populations was tested with a Mantel test in
Genepop. Because multiple populations were sampled in some pools, to avoid values
of zero in the matrix, one was added to each pairwise value for the number of dams.
The clustering method in Partition (Dawson & Belkhir 2001) was used to
determine how many populations were sampled over all locations. Two separate runs
were conducted with 10,000 Markov chain Monte Carlo observations collected every 10
iterations and results were evaluated after 3000 burn-in steps. Priors were setto 18
maximum populations (Boone, Lake St. Clair, and each population in the UMR), 6 was

set at the minimum value allowed 0.001, and y was set to 1 (Dawson & Belkhir 2001).

Results

Genetic diversity

All eight loci amplified in L. cardium were polymorphic, with similar size ranges to
those reported for other Lampsilis species (Eackles & King 2002; Kelly & Rhymer 2005).
These eight loci had a total of 213 alleles and averaged 26 alleles per locus (range 6-
43; Table 1). Allelic richness and levels of heterozygosity (H) were similar in each
population within the UMR, and both distant populations; richness ranged from 8.7-9.4,
and H ranged from 0.77 to 0.85 (Table 1). Departure from Hardy-Weinberg
expectations (HWE) was significant in nearly half of all locus-by-population
combinations for all 18 populations (66 of 144; Table 1). More powerful tests for
heterozygote deficiencies were conducted for only the UMR populations, and 45% of
144 all locus-by-population combinations were significant. Microchecker revealed that
in most cases, deviation from HWE was likely due to null alleles, because there was no
indication that other genotyping errors, such as large allele drop out, occurred.
Frequencies for null alleles in each locus-by-population combination were variable, only
one combination had a high frequency of 0.33, and the average was low at 0.05. Ten
out of 144 locus-by-population combinations tested significant for linkage disequilibrium,

but this was scattered among loci in different populations. There were no significant
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linkages among loci; therefore, each locus will be considered an independent measure

of diversity.

Population structure

Pairwise F-statistics revealed very little genetic differentiation among populations
in the UMR: only four had significant values, and three of these included population
three in pool 7 (Table 2). Combining populations into pools within the river yielded one
significant pairwise Fgt difference between neighboring pools 7 and 8 (Table 3). Exact
tests revealed a little more differentiation at both the population (Table 2) and pool
(Table 3) levels. There were 13 significant differences between population pairs in the
UMR, and nine at the pool level. However, despite these significant differences, overall
differentiation among populations was very low. Pairwise Fst values were not over
0.046, and in the exact tests, only four of eight loci were different from zero at either the
population (Table 2) or pool (Table 3) levels. This weak differentiation within the UMR
was compared to values for spatial structure at a much broader scale using populations
in the Boone River and Lake St. Clair. At this scale, pairwise Fst values revealed that
the population from the Lake St. Clair was significantly different from four of the UMR
pools as well as the Boone River population (Table 3). However, the Boone River was
only differentiated from two UMR pools (Table 3).

Weak, but significant, structuring of populations as measured by 6 was found
within populations, but not among populations or among pools. Within the UMR only, 6
= 0.003, and only 0.3% of the total variation was partitioned among populations with a
majority of variation (99%) contained within populations (Table 4a). Even at the largest
spatial scale, including the Boone River and Lake St. Clair populations, 6 = 0.011 which
indicated there was very weak but significant (p = 0.04) structure among drainages
(Table 4b).

Gene flow

Estimates of the number of migrants per generation using Fst were high, and
averaged 373 over all populations in the UMR. The lowest estimate was 27, but the
highest estimate was 7,600 (data not shown). Tests for equilibrium between gene flow

and genetic drift (Hutchison & Templeton 1999) revealed no significant relationship
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between genetic and geographic distance (Figure 2a); therefore, equilibrium was CASE
Il (Hutchison & Templeton 1999). CASE Il indicates gene flow is strong relative to
genetic drift. With high levels of gene flow and lack of population structure, assignment
rates were very low at the population level within the UMR, where only 10% of the
mussels were correctly assigned to the population from which they were sampled
(Table 5). There was an increase in assignment rate at the pool level to 30% (Table 5).
There was no significant relationship between genetic (Fst) and geographic distances or
genetic distance and the number of dams between populations in the UMR, indicating
no isolation-by-distance (Figure 2a and b).

Because there was a lack of structure and high gene flow among populations of
L. cardium in the UMR, these data were used to determine how many populations were
sampled over all locations with a clustering method in Partition. Both runs
overwhelmingly supported one population (75% posterior distribution), with weaker

support for 2 populations (23% posterior distribution).

Discussion

Similar to other species of mussels, genetic diversity in L. cardium is high, but in
contrast to other mussel species, populations in the UMR may be panmictic. There is
weak evidence that fragmentation may be reducing gene flow for this species, but it is
likely that not enough time has passed since the dams were constructed to create
strong differences in genetic structure among these populations. For a distance of 430
km along the Mississippi River, there was no population structure, no differentiation
among populations, but there was differentiation among UMR populations and distant
populations in the Boone River and the Lake St. Clair. Tests for equilibrium between
gene flow and drift indicate that levels of gene flow have been high for this species,

which would lead to the lack of genetic structure observed in this study.

Genetic diversity

Levels of genetic diversity in L. cardium are similar to other freshwater mussels
examined for microsatellite markers. High diversity, measured by allelic richness, was
comparable with L. cariosa from Maine (Kelly & Rhymer 2005), but was higher than
Epioblasma species (Zanatta & Murphy 2007, 2008) and L. fasciola (Zanatta et al.
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2007). The lower values reported for Epioblasma species and L. fasciola may be due to
smaller sample sizes. The Epioblasma species are threatened due to small population
size, and the study on L. fasciola was conducted to examine sympatric speciation,
rather than population structure. Populations within the UMR and at broader spatial
scales had similar levels of allelic richness, even in the Boone River which is
considerably smaller than the UMR. This suggests that populations are large enough to
maintain high levels of genetic diversity in both medium and large rivers of the midwest.
Furthermore, dams do not appear to have adversely affected genetic diversity in L.
cardium in the UMR. This could be because the dams may not have been in place long
enough —most were constructed in the 1930’s and 40’s. Given their long life spans,
there may have only been about 10 generations of mussels since dam placement.

Since mussels are tightly linked to fish, genetic studies on fish in highly
fragmented rivers are useful for comparison. A recent study on black redhorse revealed
substantial genetic diversity and lack of differences among populations above or below
dams (Reid et al. 2008) in a similarly fragmented river. These results are in contrast
with other species of fish that have lowered genetic diversity in fragmented systems. In
those studies, reduced diversity has been attributed to small river reaches, which
decreases population size, and therefore genetic diversity (Frankham 1996; Jager et al.
2001). In the UMR, navigation pools in the study region are rather long (mean length =
40 km; range 14-75km), and L. cardium populations remain large (Kelner 2003).

Recent surveys estimate the population of L. cardium in pool 5 of the UMR is around
three million (range one million to 3 million; T. Newton, unpublished data). Large
populations are able to maintain high levels of genetic diversity (Wright 1978).

It is not unusual for mussel populations to deviate from Hardy-Weinburg
equilibrium at microsatellite loci (Kelly & Rhymer 2005; Zanatta & Murphy 2007, 2008;
Zanatta et al. 2007). Heterozygote deficiencies in L. cardium populations may have
biological explanations, such as population admixture or inbreeding, but it is more likely
due to the presence of null alleles which are common in bivalves (Kelly & Rhymer 2005;
Zanatta & Murphy 2007; Zanatta et al. 2007). These null alleles should not affect the
outcome of further analyses because the frequency of null alleles in this study was very

low at 5%. Low levels of null alleles did not change results for L. cariosa (Kelly &
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Rhymer 2005), or in simulated data sets where null frequencies were as high as 20%
(Dakin & Avise 2004).

Population structure and gene flow

At the broadest spatial scale covered in this study, 6 was low (0.011) but
significant. This indicates weak population structure, as does the significant pairwise
Fst values between UMR populations and both the Boone River and Lake St. Clair
populations. However, because there was only one population sampled from both the
Boone River and the Lake St. Clair, the variation among populations within drainages
measured is driven by UMR populations. Therefore, these results should be interpreted
with caution, and additional study is recommended at broad spatial scales for this
species.

Results within the UMR are similar to other studies in mussels because most of
the population structure revealed by microsatellites in mussels shows structure among
drainages (Kelly & Rhymer 2005; Zanatta & Murphy 2007, 2008, Zanatta et al. 2007),
but not much structure within a river system. In the UMR, there was no population
differentiation, 6 was near zero and pairwise Fst values for these mussel populations
were very low; the highest value was 0.046. In comparison, Fst among drainages of L.
cariosa was 0.04, and the pairwise Fst values ranged from 0.009 to 0.185 (Kelly &
Rhymer 2005). Pairwise Fst values for other species ranged from -0.0013 to 0.385
(Zanatta & Murphy 2007, 2008; Zanatta et al. 2008). There are very few studies on
mussel populations over this fine spatial scale within a river, although mussels in the
Onhio River had significant yet weak population structure over long distances (1000+ km)
measured with allozyme markers (Berg et al. 1998). Collectively, these results for
several mussel species indicate high gene flow in large rivers.

Gene flow is a likely explanation for results for L. cardium because tests for
equilibrium between gene flow and genetic drift were CASE Il (Hutchison & Templeton
1999), meaning gene flow is much more prevalent than genetic drift for populations in
the UMR. A second indicator of high gene flow is the majority of genetic variation is
contained within populations, which has also been found in other species of mussels
within these same river systems (Zanatta & Murphy 2008). A third indicator of high

gene flow is the lack of correlation of Fst with either geographic distance or the number
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of dams between populations, and therefore a lack of isolation-by-distance (IBD). IBD
indicates dispersal and gene flow via a stepping-stone model where populations that
are nearest-neighbors exchange genes more often than populations that are greater
distances apart (Slatkin 1985). Freshwater mussels living in smaller streams may be
the ideal organism dispersed via the stepping-stone model because they are distributed
in distinct patches within linear river systems. Several species of mussels have shown
highly significant IBD (Kelly & Rhymer 2005; Zanatta & Murphy 2007, 2008; Zanatta et
al. 2007), even if the magnitude of the relationship was weak (Berg et al. 1998; Elderkin
et al. 2007). However, mussel populations in the UMR may not fit the stepping-stone
model because gene flow is high in this system, and high rates of dispersal may occur
among populations that are not nearest-neighbors. Dispersal further than the closest
populations may occur for L. cardium based on timing of glochidia release. Gravid L.
cardium usually keep fertilized glochidia in their gills over winter, but some females may
release glochidia in the fall, to overwinter on fish hosts. This strategy may increase the
distance larvae are dispersed because they are on fish for 4-6 months (Watters &
O'Dee 1999).

High gene flow has also been found in other aquatic species. For example, high
gene flow was inferred for black redhorse (Moxostoma duquesnei,Lesueur) populations,
based on low population differentiation in the fragmented Grand River of Canada (Reid
et al. 2008). High gene flow may be possible for these fish due to traits such as group
spawning and long migration distances between winter habitats and spawning grounds
(Reid et al. 2008). Similarly, traits such as reproductive timing in L. cardium may also
promote gene flow, even with dams in place within the UMR. This species generally
releases their young when water temperature is around 19°C (Holland-Bartels &
Kammer 1989), which is often coincident with spring flooding; this corresponds to the
time and dams are open. Although a review of 84 fish movement studies in the UMR
found dams do adversely affect fish movement (Wlosinski & Marecek 1996) because
only 13% of 5253 recaptured fish moved either up or downriver, there were several
hundred fish that moved upriver through dams. Fish moving upriver in these studies
included host species for L. cardium such as walleye (484), sauger (160), largemouth
bass (11) and smallmouth bass (4) (Wlosinski & Marecek 1996). This study also

78



showed that high flow, commonly reached during open river conditions, precludes fish
movement upstream. However, there were still a few fish that moved upstream during
high water (Wlosinski & Marecek 1996). Therefore, occasional fish movement upriver
during the time L. cardium release glochidia may be enough to maintain population
similarity because theoretical study has shown that just one effective migrant per
generation can prevent population differentiation (Wang 2004).

The results of this study support panmixia for L. cardium within the UMR because
Fst is nearly zero, and there are very high estimates of the number of migrants per
generation, and Partition indicated one population was sampled in this study. This
strongly suggests that low population differentiation has been the condition for this
species historically, and it has evolved with high levels of gene flow over great
distances. The flood-pulse concept (Junk et al. 1989) of river systems may best explain
historical levels of high gene flow in the UMR. This concept suggests that large, flood-
plain rivers such as the UMR act as super-highways for fish, promoting movement
between habitats that provide resources for feeding and/or breeding. As fish use the
main channel for movement, they could easily disperse mussels from one area to
another (Woolnough 2006). Walleye commonly move 32-72 km in a year (Steuck 2004)
and smallmouth bass may move up to 75 km during winter (Lyons & Kanehl 2002);
therefore, if fish are carrying glochidia over the winter, they could become infested in
one area and move considerable distances in the spring, effectively dispersing mussels.
The combination of these habitat and life-history traits of mussels and their fish hosts
could greatly facilitate long-distance dispersal for L. cardium in large rivers, leading to
undifferentiated populations.

Alteration of habitat by impoundment of rivers may be fragmenting mussel
populations in this system and changing how populations interact. Trends in this study
that support evidence for fragmentation are statistically significant population
differentiation that is greater in both pairwise Fsr values and the more sensitive exact
tests at the pool level compared to the population level. This might indicate less gene
flow through dams and more gene flow within a pool. Furthermore, assignment rates
increased from 10 to 30% from the population to the pool level, which indicates less

gene flow is now occurring across dams than historically occurred in the free-flowing
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river. Trends may be weak in the current data because animals collected for this study
were on average 27 years old (range 9-87 yrs; N = 190) based on age-length
regression. Therefore not enough time has passed for a strong effect on population
differentiation, because there is a time lag between when dams were constructed (about
80 years ago) and the time needed to register a difference in genetic diversity. Time
lags are more pronounced in long lived animals such as mussels.

Habitat fragmentation for species with historically high gene flow is likely to have
negative effects on both genetic diversity and population demography (Berg et al.
2008). Because dispersal and gene flow link populations, high genetic diversity is
indicative of both high gene flow and large population sizes in this species. However, if
linkages between populations are severed, then genetic diversity will be reduced, which
in turn reduces population sizes, leading species into an extinction vortex (Ewers &
Didham 2006; Frankham 2003; Templeton et al. 1990). Considering the imperiled
status of 70% of all mussel fauna in North America, it is important to understand how
population genetic processes are affected by anthropogenic activities. Results of this
study along with those for several other large river mussel species suggest high gene
flow and connectivity over rather large distances are quite common (Berg et al. 1998;
Elderkin et al. 2007, 2008; chapters 2 and 3 of this thesis). If habitat fragmentation is
occurring in large rivers, we may have a difficult time predicting extinction probabilities
unless we have an understanding of genetic factors influencing population dynamics
(Berg et al. 2008).
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Table 1. Sample size (N), number of alleles with number of private alleles in
parentheses (Na), allelic richness (Ar), observed (H,) and expected (Hg) heterozygosity,
for Lampsilis cardium sampled in 6 pools of the upper Mississippi River, Boone River,
IA, and Lake St. Clair, MI.

Locus
Pool  Population 111 10 206 67 213 2 24 29 mean
4 1 N 23 23 23 23 23 23 22 22 22.8
Na 14 21 (1) 16 8 20 8 2 24 (1) 11.3

Ar 9.4 124 11.0 5.5 12.0 5.4 2.0 13.9 9.0
Ho 0.61* 0.65* 0.52* 0.57 0.87 0.91 0.36 0.91* 0.7
He 0.91 0.94 0.94 0.74 0.94 0.76 0.51 0.97 0.84

7 2 N 20 20 20 20 20 20 20 19 19.9
Na 14 22 12 8(2) 19 7 3 20 13.9
Ar 9.9 13.8 8.8 6.6 12.3 5.1 2.5 13.3 9.0
Ho 0.90 0.75*  0.50* 0.70 0.95 0.85 0.35 0.84* 0.7
He 0.91 0.97 0.89 0.80 0.95 0.76 0.48 0.96 0.84

7 3 N 34 35 35 35 35 35 35 33 34.6
Na 17 28 19 8 25 8 4 (1) 25 18.6
Ar 10.7 13.7 11.0 6.0 131 4.9 2.7 13.3 9.4
Ho 0.76* 0.71* 0.69* 0.57* 0.94 0.69* 0.49 0.85* 0.7
He 0.93 0.97 0.93 0.83 0.96 0.70 0.39 0.96 0.83

7 4 N 19 20 20 20 20 20 20 20 19.9
Na 17 16 17 8 22 8 3 22 14.1
Ar 11.4 10.9 10.7 5.7 12.7 5.5 25 13.1 9.1
Ho 0.79* 0.50* 0.50* 0.60 0.80* 0.65 0.60 0.95 0.7
He 0.94 0.93 0.92 0.74 0.94 0.76 0.53 0.96 0.84

8 5 N 23 25 24 26 25 25 25 22 24.4
Na 17(1) 20 19 7 21 6 (1) 3 22 15.3
Ar 106 121 114 57 125 47 26 126 9.0
Ho 087 076 071* 062 084* 100 052 068 07
He 092 095 093 073 095 074 053 095 084

8 6 N 16 16 17 17 17 17 17 16 16.6
Na 15 18 14 5 19 6 2 18 121
Ar 10.9 12.9 10.5 3.4 12.9 4.6 2.0 13.2 8.8
Ho 0.81 0.69* 0.76* 0.24 0.88 0.94 0.41 0.69* 0.7
He 0.93 0.96 0.92 0.27 0.96 0.70 0.45 0.96 0.77

8 7 N 21 18 20 21 21 21 20 18 20.0
Na 16 17 17 7 19 5 3 19 (1) 12.0
Ar 10.7 121 11.6 4.5 12.0 4.1 2.5 12.9 8.8
Ho 0.90 0.61* 0.70* 0.33* 0.62* 0.81 0.45 0.61* 0.6
He 0.92 0.95 0.94 0.53 0.95 0.70 0.44 0.96 0.80
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Table 1 (continued)

8 8 N 20 20 20 20 20 19 20 19 19.8
Na 12 16 16 9 21 8 2 19 12.9
Ar 9.3 11.5 10.5 6.3 12.8 5.6 20 12.6 8.8
Ho 0.85 0.45* 0.70* 0.65 1.00 0.95 0.60 0.79 0.7
He 0.91 0.94 0.92 0.74 0.95 0.76 0.47 0.95 0.83

8 9 N 20 20 20 20 20 19 20 19 19.8
Na 12 16 16 9 21 8 2 19 12.9
Ar 9.3 11.5 10.5 6.3 12.8 5.6 2.0 12.6 8.8
Ho 0.85 0.45* 0.70* 0.65 1.00 0.95 0.60 0.79* 0.7
He 0.91 0.94 0.92 0.74 0.95 0.76 0.47 0.95 0.83

8 10 N 11 11 10 11 11 9 11 10 10.5
Na 12 15 10 6 15 4 2 14 9.8
Ar 11.0 13.1 9.4 5.9 13.2 4.0 2.0 13.1 9.0
Ho 1.00 0.82 0.70 0.27* 0.82 0.78 0.64 0.80* 0.7
He 0.94 0.96 0.89 0.84 0.97 0.69 0.51 0.96 0.85

9 11 N 20 20 20 20 20 20 19 19 19.8
Na 14 19 12 8 18 6 2 22 12.6
Ar 10.5 12.5 9.3 5.8 11.3 5.0 2.0 13.7 8.8
Ho 0.80* 0.75* 0.70% 0.60 0.75* 0.80 0.47 0.74* 0.7
He 0.93 0.95 0.91 0.65 0.92 0.76 0.51 0.97 0.83

9 12 N 20 20 20 20 20 20 20 20 20.0
Na 16 19 11 (1) 6 22 4 2 22 13.0
Ar 11.7 12.7 8.9 5.5 12.8 3.7 2.0 13.6 8.9
Ho 0.85 0.70*  0.45* 0.80 0.90 1.00 0.35 0.80* 0.7
He 0.95 0.96 0.90 0.71 0.95 0.69 0.41 0.97 0.82

9 13 N 20 20 20 20 20 20 20 20 20.0
Na 13 20 15 8 19 (1) 6 2 25 12.7
Ar 9.8 12.6 10.1 5.4 12.8 4.6 2.0 14.5 9.0
Ho 0.80* 0.65* 0.50* 0.55 0.90 0.85 0.40 0.95 0.7
He 0.92 0.95 0.91 0.62 0.96 0.74 0.43 0.97 0.81

9 14 N 20 20 20 20 20 20 20 20 20.0
Na 15 16 14 8 19 (1) 6 2 19 1.4
Ar 11.0 11.5 10.1 6.0 123 4.6 2.0 11.9 8.7
Ho 0.95 0.85 0.65* 0.65* 0.95 0.85 0.50 0.95* 0.8
He 0.94 0.94 0.92 0.72 0.95 0.69 0.43 0.94 0.82

11 15 N 24 24 24 24 24 24 23 24 23.9
Na 15 19 13 8 21 (1) 6 3 21 121
Ar 10.8 121 9.9 6.0 12.2 4.7 24 12.5 8.8
Ho 0.96 0.58* 0.79* 0.67* 0.83* 0.88 0.39 0.79* 0.7
He 0.94 0.95 0.92 0.73 0.95 0.74 0.43 0.95 0.83
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Table 1 (continued)

14 16 N
Na
Ar
Ho
He

NA 17 N
(Boone) Na
Ar
Ho
He

NA 18 N
(Lake St.
Clair) Na

Ar
Ho
He

26
17
11.3
0.81
0.94

25
14 (1)
8.4
0.72
0.90

16

10
11.0
0.56
0.89

25
23
12.7
0.64*
0.95

25
25
10.4
0.68
0.97

20

15 (1)
13.3
0.60
0.92

26
16
10.5
0.54*
0.92

24
16 (1)
10.9
0.71
0.94

20

14
10.8
0.80
0.94

25
7
5.1
0.48
0.66

25
6
6.1
0.64
0.56

20

8
5.8
0.40
0.79

26
25
13.2
0.85*
0.96

25
21
11.1
0.92
0.96

19

17 (1)
12.7
0.89
0.93

26
9
5.7
0.88
0.74

25
7
6.1
0.84
0.74

20

10 (1)
5.0

0.60
0.73

25
2
2.0
0.48
0.47

24
2
43
0.25
0.28

20

17 (4)
24
0.50
0.67

25
29 (1)
14.6
0.76
0.97

25
23 (1)
11.9
0.96
0.96

18

17
13.5
0.67
0.95

255
14.1
9.4
0.7

0.83

24.8
12.2
8.7
0.7
0.79

191

12.3
9.3
0.6

0.85

*Indicates locus-by-population combinations with H, significantly different from He, after

a sequential Bonferroni correction (Rice 1989), experiment-wide a = 0.05.
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Table 2. Pairwise estimates of population differentiation for Lampsilis cardium in the UMR only. Fsr values are below the
diagonal and the number of significant locus-by-population pair exact tests from the genic differentiation option in
Genepop (Raymond & Rousset 1995b) are above the diagonal.

Pop. 1 2 3 4 5 7 8 9 10 11 12 13 14 15 16
1 1 4%* 2% 2 2 4* 4* 2 2 2 4 2 3* 1
2 0.006 1 2 0 1* 1 1 1 1 1 0 2 1 1 1
3 0.017  0.005 3 1 3* 1 3* 3* 1 2 0 1 1 1 3*
4 0.012  0.006 0.016 1 2 1 1 2 1 0 1 1 1 3
5 -0.001 -0.001 0.011 -0.002 1 1 2 2 0 0 0 0 1 0 1
6 0.016  0.027 0.035* 0.018  0.006 0 2 2 2% 1 0 1 0 2 1
7 0.010  0.011 0.015 0.008 0.000 0.001 2 2 2 0 0 0 0 0 1
8 0.010  0.007 0.019*  0.002 0.001 0.014  0.003 0 2 2 0 2* 3 1 2
9 0.010 0.007 0019 0.002 0.001 0.014 0.003 -0.026 2 2 0 2* 3 1 2
10 0.005 0005 0015 0.011 0.010 0.046* 0.026 0.019  0.019 3 1 3 2 2 0
11 0.007 0014 0025 0.002 0.000 0012 0002 0.005 0.005 0.015 0 3 0 0 1
12 0.009 0000 0.004 -0.004 -0.005 0.004 0000 -0001 -0.001 0.016  0.002 0 1 0 0
13 0.012 0009 0012 0.004 -0.002 0003 -0.005 0.010 0.010 0.022 0.006 -0.007 1 0 1
14 0.007 0003 0.007 -0.002 -0.003 0006 -0.001 0.008 0.008 0018 0.002 -0.006 0.000 2 1
15 0.011 0004 0012 0.001 -0.003 0012 -0.001 -0.002 -0.002 0.017 0.002 -0.007 0.000  0.001 0
16 0.002 0.003 0.019* 0.008 -0.003 0010 0003 0.003 0.003 0.011 0007 0.002 0.004 0.005 -0.001

*Indicates significance after adjusting for multiple comparisons via a sequential Bonferroni correction (Rice 1989),
experiment wide a = 0.05.



Table 3. Pairwise estimates of population differentiation for Lampsilis cardium in the upper Mississippi River, Boone
River, 1A, and Lake St. Clair, MI. Fst values are below the diagonal and the number of significant locus-by-population pair
exact tests from the genic differentiation option in Genepop (Raymond & Rousset 1995b) are above the diagonal.
Populations are grouped into pools from the upper Mississippi River, labels follow Figure 1.

Pool 4 7 8 9 11 14 Boone
4 4* 4* 4* 3* 3 -

7 0.009 4* 2 1 3* -

8 0.007 0.007* 4* 1 3* -

9 0.009 0.005 0.002 0 3 -
11 0.014 0.006 0.001 0.0002 2" -
14 0.002 0.008 0.003 0.006 0.002 -
Boone 0.021* 0.015* 0.009 0.006 0.005 0.015

Lake St. Clair 0.011 0.017* 0.024* 0.024* 0.025* 0.011 0.041*

*Indicates significance after adjusting for multiple comparisons via a sequential Bonferroni correction (Rice 1989),
experiment wide a = 0.05.



Table 4. AMOVA results for Lampsilis cardium. Panel a for tests at the population and
pool levels within the UMR only. Panel b for tests at the largest spatial scale including
the populations in the Mississippi River, Boone River, |IA, and Lake St. Clair, MI. F-
statistics are Weir and Cockerham (1984) estimates.

Panel a

Source of variation d.f. ss % variation P F-statistics
Among pools 5 24 0.3 0.112 6 =Fcr =0.003
Among populations within pools 10 38 0.5 0.122 Fsc = 0.004
Within populations 670 2137 99.2 0.006 Fst=0.003
Total 685 2199 100.0

Panel b

Source of variation d.f. ss % variation P F-statistics
Among drainages 2 14 1.1 0.04 6=Fcr =0.011
Among populations within drainage 5 24 0.5 0.00 Fsc = 0.005
Within populations 766 2440 98.4 0.00 Fsr=0.016
Total 773 2478 100.0

93



Table 5. Bayesian assignment results (Rannala & Mountain 1997) for each individual into populations and pools that
were sampled for Lampsilis cardium as described in the text. Bold face numbers indicate the number of individuals
correctly assigned to each population or pool.

Mississippi River L. St. Clair
Pool 4 Pool 7 Pool 8 Pool 9 Pool 11 Pool 14 Boone

Population 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 4 - 1 3 1 - 1 - - - 1 - - - - 2 2

2 - 1 3 5 2 - 1 - - - - 1 1 1 1 - 1

3 2 3 6 9 2 - 5 - - 2 2 4 3 5 3 2 3 -
4 1 - - - 1 1 1 - - 1 2 3 3 1 1 1 1
5 3 6 1 5 6 5 6 - - - 4 3 2 2 4 6 6 2
6 1 - - - 1 1 1 - - - 2 2 1 - - 4 1 -
7 1 1 3 2 1 1 - - - 2 - - 2 1 1 1 1 1
8 1 2 - - 1 - - - 20 - 3 1 - - 1 - 1 1
9 1 - - - 1 - 1 19 - - - - - - - - - 2
10 1 1 1 - 1 - 1 - - 1 1 1 - - 1 3 1 1
11 1 1 - 4 - - - - - - 2 - - - - 2 - 1
12 - 1 - - 1 2 - 1 1 - - 1 - 3 2 1 - -
13 - 1 1 - - - - - - - 1 - 2 - - 1 2 -
14 1 - - 1 - 1 - - - - - - 3 2 2 - - -
15 - - - 1 - - - - - 1 2 1 1 1 2 - 1 -
16 7 1 4 3 9 5 4 - - 4 4 3 5 3 6 2 6 3
17 - 2 - 1 1 - - - 1 1 1 - - - 1 1 -
18 - - - 1 - - - - - - - - - - - 1 - 6
% correct 17 5 30 0 23 6 0 0 0 9 10 5 10 10 8 8 4 30
Pool

Pool 4 4 - 1 3 1 - 1 - - - 1 - - - - 2 2 2
Pool 7 3 4 9 14 5 1 7 - - 3 3 7 7 9 5 3 5 3
Pool 8 8 10 5 7 11 7 9 19 20 3 10 7 5 3 7 14 10 7
Pool 9 2 3 1 5 1 3 - 1 1 - 3 1 5 5 4 4 2 1
Pool 11 - - - 1 - - - - - 1 2 1 1 1 2 - 1 -
Pool 14 7 1 4 3 9 5 4 - - 4 4 3 5 3 6 2 6 3
Boone - 2 - 1 1 - - - 1 1 - - - 1 1 -
Lake St. Clair - - - 1 - - - - - - - - - - - 1 - 6
% correct 17 20 45 40 42 41 43 95 100 27 10 5 5 5 25 4 4 30




A 0 175 350 700 Kilometers

Among drainages (UMR, Boone River, Lake St. Clair)

Among pools within UMR

Among populations within pools
AMOVA1/< g pop P
Within populations

AMOVA?2

Figure 1. Map of populations where Lampsilis cardium were sampled in the upper
Mississippi River (UMR), Boone River, |IA, and Lake St. Clair, Ml. UMR populations are
numbered 1-16, Boone River is number 17, Lake St. Clair is number18. Pools with
multiple populations sampled are enlarged (not to scale) for detail, grey indicates water,
and white indicates land. Hierarchy of variation is depicted in the inverted pyramid, and
the levels included in each AMOVA (Excoffier et al. 1992) as indicated.
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Figure 2. Correlations of (a) geographic distance and genetic distance, (b) the number
of dams between populations, and (c) geographic distance and residuals of pairwise Fsrt
values.
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Chapter 5
Conclusions

North America has the most diverse assemblages of freshwater mussels in the
world (Bogan 1993), but they are also one of the most imperiled faunal groups on the
continent (Williams et al. 1993). Molecular genetic studies of freshwater mussels
provide information that is useful in guiding conservation of this fauna (Berg et al. 2008;
National Native Mussel Conservation Committee 1998). The results of my work show
that large-scale patterns of genetic diversity in one common (Lampsilis cardium) and
one rare (Cumberlandia. Monodonta), species of freshwater mussel are quite similar,
with high levels of genetic diversity but relatively low population genetic structure.

The natural hierarchy of river systems provided an ideal framework for evaluating
genetic diversity in mussels at various spatial scales. Genetic diversity was quantified
among individuals within populations, among populations within a river reach, among
rivers, and in some cases, among drainage systems. Both species | studied are very
widespread, but one is common and the other is highly imperiled. Nonetheless, both
species had the greatest genetic diversity at the smallest spatial scale (within
populations), and substantially less genetic diversity was contained at the largest spatial
scales (among rivers or among drainage basins). The lack of strong population
structure may be indicative of their large-river habitat and the fact that they rely on fish
for part of their life cycle. The Flood-Pulse concept (Junk et al. 1989) of river systems
may explain dispersal over greater distances than may be expected. This concept
suggests that large flood-plain rivers act as super-highways for fish, promoting
movement among habitats that provide resources such as food, nesting or spawning
sites, and overwintering habitat. As fish use the main stems of large rivers to move
among these areas, they could easily disperse mussels from one river reach to another.
Prior research indicates that over 50% of the variation in mussel communities is
explained by the distribution and abundance of host fish (Vaughn & Taylor 2000). The
importance of host fish in structuring mussel distribution in the upper Mississippi River
was recently described (Woolnough 2006).

Since fish and mussels are so tightly coupled in nature, one would expect

mussels to have similar patterns in genetic diversity. Phylogeographic patterns have
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been found to be similar among fish species in North America (Mayden 1988; Wiley &
Mayden 1985). For example, populations in the north have less genetic diversity as a
result of their recent founding post-Pleistocene compared to the longer stable histories
of southern populations (Bernatchez & Wilson 1998). This has also been found in
several other mussel species (Elderkin et al. 2008; Zanatta & Murphy 2008), but,
northern populations of C. monodonta and L. cardium did not follow this common trend.
Another common finding is the evidence for multiple glacial refugia (Bernatchez 2001).
Lampsilis cardium populations in Lake St. Clair had evidence of colonization from
multiple refugia, and so did northern populations of C. monodonta. Explicit hypothesis
testing with statistical phylogeography indicated that the Driftless Area of the upper
midwest was not a likely refugium for the C. monodonta population in the St. Croix
River. For C. monodonta, Pleistocene glaciations created some intraspecific diversity,
but post-Pleistocene dispersal was effective in homogenizing these populations and
eliminating most of the structure among populations. Similarly, for L. cardium, post-
Pleistocene dispersal and high gene flow is more prominent in shaping current genetic
structure among populations than isolation events during the Pleistocene.

High levels of gene flow were inferred for both species studied. Unfortunately,
rivers across the globe have been fragmented by impoundments (Nilsson et al. 2005).
For species with a normally high level of gene flow, isolation is likely to have negative
effects on both genetic diversity and population demography (Frankham 2003). For
example, if gene flow between populations is reduced, then genetic diversity will be
reduced. This in turn can reduce population sizes and put a species into an extinction
vortex (Ewers & Didham 2006; Frankham 2003). The species | studied are at different
places along the continuum of an extinction vortex. Lampsilis cardium is still relatively
common and widespread with many populations in most of its former range. As
indicated by the fine-scale study in the Mississippi River, there has not been a strong
reduction in overall genetic diversity, and gene flow remains relatively high. On the
other hand, C. monodonta has experienced drastic population losses and only survives
as a few populations at the edges of its former range. Clearly, the lack of intervening

populations has effectively isolated these populations and gene flow has been reduced
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to near zero levels. This creates very different conservation scenarios for these
species.

The results of this study for C. monodonta indicate that remaining populations
would make good sources for recovery efforts involving translocations, with a few
caveats. First, reintroductions would need to be done with enough individuals to
maintain current levels of genetic diversity (Lydeard & Roe 1998). Unfortunately, how
many individuals are needed to meet these goals is elusive. Furthermore, given that
this species was formerly widespread and had connectivity among populations, any
reintroduced populations would be threatened by fragmentation of rivers. Since the
host is unknown, reestablishment of populations alone may not be sufficient for
recovery. Two situations might develop: (1) establishment of new populations will
restore connectivity throughout the range of the species because hosts will be able to
move up and down the rivers; these rivers won'’t be fragmented for the purposes of C.
monodonta; (2) establishment of new populations that remain isolated from other
populations because hosts will still encounter barriers to dispersal — this will leave
these populations vulnerable to extirpation and also lead to drifting apart of populations
over evolutionary time unless continuing management efforts are pursued to connect
populations.

The results for L. cardium indicate as long as fish remain connected to mussel
communities, L. cardium may be able to maintain the same level of gene flow it has had
since the glaciers receded 8,000-10,000 years ago. The Mississippi River is managed
with locks and dams, which only allow for limited fish movement, so increasing fish
passage can only help maintain mussel dispersal and high levels of genetic diversity. It
is also important to manage habitats that support mussel communities, maintain zebra
mussel-free refuges, and control some of the other negative impacts on mussels such
as sedimentation (Lydeard et al.2004). In rivers that have low-head dams without
mechanisms that allow fish passage, it has been shown that dams as low as one meter
can stop fish dispersal (Watters 1996). To maintain gene flow for mussels in these
systems, fish movement must be considered in management or recovery plans.
Conservation plans in these systems would need to actively maintain connections

among mussel populations.
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