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Abstract
PHYLOGEOGRAPHY AND POPULATION GENETICS OF THE CAROLINA
HEELSPLITTER (LASMIGONA DECORATA) A CRITICALLY-ENDANGERED
FRESHWATER MUSSEL
Victoria Clark Fowler

B.S., Appalachian State University
M.S., Appalachian State University

Chairperson: Michael M. Gangloft, Ph.D.

Freshwater mussel biodiversity has declined substantially in many southern Atlantic
Slope streams during the last four decades and several species endemic to the region are now
critically-endangered. The Carolina heelsplitter (Lasmigona decorata) is a federally-
endangered freshwater mussel that historically occurred in the Pee Dee, Santee and Savannah
basins in Georgia, North Carolina, and South Carolina. Currently, Carolina heelsplitters
persist as small, isolated populations, primarily within the Charlotte and Carolina Slate Belt
physiographic provinces. Captive propagation and population augmentation efforts are
underway, however the degree of genetic variation existing within these populations is
unknown. Additionally, earlier work provided evidence that the genus Lasmigona is not
monophyletic. I obtained non-lethal DNA samples from wild animals and individuals in
hatchery facilities to assess genetic diversity and historical gene flow patterns within and
among Carolina heelsplitter populations. I generated and examined 93 COI sequences from 6

Carolina heelsplitters populations from the Santee, Pee Dee, and Savannah basins. I found

v



surprisingly low levels of genetic divergence (<0.14%) both within and among populations.
Three COI haplotypes were identified and two of them were shared among populations in all
three river basins. A third haplotype was restricted to Goose and Duck creeks, tributaries to
the Pee Dee River. To better understand the evolutionary history of Lasmigona, 1 re-
constructed the phylogeny of this genus to analyze genetic variation within and among all
currently-recognized Lasmigona taxa using COI, NDI and 28s markers. Haplotype networks
revealed that Carolina heelsplitters are most closely related to the Green floater, a species
that is morphologically similar and shares low levels of range-wide genetic diversity. Both
single and multi-gene phylogenies revealed Lasmigona as highly polyphyletic. Moreover the
clade containing both L. decorata and L. subviridis did not contain the type species for
Lasmigona, L. costata. Although genetic coverage is limited to one nuclear and two
mitochondrial markers, my data provide evidence for historical connections among Carolina
heelsplitter populations in the Pee Dee, Santee, and Savannah basins. Future surveys for
Carolina heelsplitters should increase the geographical coverage of study sites and use
genetic screening to verify field identifications of ambiguous individuals. More variable
genetic marker systems such as microsatellites or SNPs should be utilized to help assess
whether finer-scale genetic differentiation is occurring and to help guide propagation and
augmentation efforts. Finally, taxonomic revision is needed to describe evolutionary patterns

more accurately within Lasmigona and other closely-related groups.
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Introduction

Global species loss rates are currently 1,000 to 10,000x greater than of pre-Anthropocene
(i.e., natural) extinction rates (Pimm et al. 2014). Freshwater ecosystems cover <1% of the
Earth’s surface and are one of its most threatened biomes. Humans and >100,000 species rely
on these habitats for our continued existence (Dudgeon et. al. 2006). Freshwater mussels
(Unioniformes) and operculate freshwater snails (Pleuroceridae) are among the most
imperiled mollusk groups globally and the total number of extinct, endangered, threatened, or
imperiled species exceeds that of any other freshwater faunal group (Haag and Williams
2014; Regnier et al. 2009). These declines are largely attributable to degradation of aquatic
systems via urban and ex-urban development, introduction of exotic species, increased
pollutants, and modification of streams by channelization and dams (Fuller 1974; Smith et al.
2003; Strayer and Dudgeon 2010).

Freshwater mussels are indicators of stream water quality and assemblages that are
characterized by high abundance or richness are largely restricted to systems with high water
quality and stable habitat conditions. Toxicology data reveals that juvenile freshwater
mussels are acutely sensitive to sediment, nutrient, and inorganic chemicals (Goudreau et al.
1993). Freshwater mussels also play a critical role in nutrient cycling through filter feeding,
bioturbation, and biodeposition, linking both benthic and pelagic food webs (Hoellein et al.
2017; Spooner et al. 2012; Vaughn and Hakenkamp 2001). Mussel aggregations appear to
stabilize streambed substrates and increase habitat heterogeneity (Haag 2012; Haag and
Williams 2014; Zimmerman and de Szalay 2007). Freshwater mussels utilize a unique
reproductive strategy in which fertilized eggs are released from the mother into the water

column where they act as obligate ectoparasites on fish to continue morphological



development (Watters and O’Dee 1998). Due to their dependence on stable substrate, clean
water and suitable host fishes for survival, mussels are more susceptible to environmental
perturbations than other benthic invertebrates and are intimately linked to the dynamics of

freshwater ecosystems (Hoftyzer et al. 2008).

Southeastern Atlantic Slope Geography

North America has the highest diversity of freshwater mussels in the world and ~300 species
are currently recognized (Williams et al. 1993). Rivers in the southeastern region of North
America support diverse and often highly endemic faunas including >62% of the continent’s
fishes and ~200 freshwater mussel species (Bogan and Roe 2008; Neves et al. 1997; Warren
et al. 2000). The Eastern Continental Divide separates the watersheds flowing into the
Atlantic Ocean from those flowing into the Gulf of Mexico. Atlantic Slope drainages extend
from the St. Mary’s River on the Georgia-Florida border to the St. Lawrence River system in
Canada (Johnson 1970; Maurakis and Lipscomb 1999). Previous biogeographic studies have
identified distinct northern and southern species assemblages among Atlantic Slope
watersheds with the subdivision believed to occur near the James River Basin in Virginia
(Kozak et al. 2006; McAlpine and Smith 2010). Numerous fish and mollusk species in the
southern Atlantic Slope drainages are believed to have entered these drainages via headwater
capture of Gulf of Mexico Drainage streams during the pre-Pleistocene era (Johnson 1970).
Overall, 35 mussel species in the Southern Atlantic Slope region are believed to have origins
in the Interior Basin. Nine of these mussels are endemic to the region and 7 are endemic to

individual river basins (Johnson 1970).



High rates of mussel and fish endemism in Atlantic Slope rivers suggest that many of
these systems were less glaciated and subject to frequent isolation during portions of the
Pleistocene, thereby facilitating radiation of endemic species via allopatric speciation (Haag
2009; Hocutt et al. 1986; Sepkoski and Rex 1974; Starnes and Etnier 1986). More recently,
the eastern and Piedmont regions of the Carolinas were historically impacted by in-stream
gold mining, forest clearing and dam construction beginning in the late 18" Century and
these landuse legacies likely shaped the current level of fragmentation (Agpaoa 2012).
Numerous freshwater species in the region are restricted to a few small populations and
presumably occupy only a fraction of their historical ranges (Alderman 2006; Oswald et al.
2009). For example, the Pee Dee River is one of the largest river drainages in the Carolinas
but a series of large impoundments along its mainstem have resulted in widespread habitat
fragmentation that has imperiled many species including the Robust redhorse (Moxostoma
robustum), a large potadramous sucker that was presumed extinct for nearly 100 y (Benke
and Cushing 2011; Grabowski and Isely 2007; Jenkins and Burkhead 1994). Mussel species
declines in this region are frequently attributed to recent human population growth as well as
an increased frequency of drought events and these stressors are exacerbated by historical
habitat fragmentation leading to the existence of small or geographically-isolated populations
(Archambault et al. 2018). Increasing stream connectivity with the goal of increasing genetic
connectivity is a focal goal of recovery plans for many at-risk species in Southern Atlantic

Slope drainages.



Genetic Variation in Atlantic Slope Taxa

Mussel life history traits are unusual among freshwater biota as they exhibit both gamete-
(i.e., sperm dispersal) and zygote- (i.e., fish-aided movement of glochidia larvae) mediated
gene flow dispersal (Watters 1992; Ferguson et al. 2013). Some mussels release sperm
aggregates called spermatozeugmata, where thousands of sperm are embedded in a thin
spherical membrane, allowing them to travel up to 16 km downstream thus increasing the
potential to facilitate gamete dispersal among adjoining populations (Barnhart and Robert
1997; Waller and Lasee 1997). Glochidia dispersal is dependent on both the number and
behavior of host fishes, leading to high variability in colonization rates and the subsequent
impact on gene flow both within and among mussel species. Host fish mobility also affects
glochidia dispersal, with less mobile fish contributing less to zygote-mediated gene flow
(Chong 2016; Schwalb et al. 2011). The key difference between gamete and zygote-
mediated gene flow is that glochidia are not limited to only downstream dispersal. This
unique evolutionary adaptation allows mussels to colonize habitats both up- and downstream,
as well as into adjoining tributaries and drainages. This has led to both high rates of
vicariance as well as to the evolution of species with very broad geographic ranges (Haag
2012).

Isolated mussel populations have likely become increasingly geographically and thus
genetically isolated, predisposing them to the effects of genetic drift, inbreeding depression
and localized extinction (Lesica and Allendorf 1995). However, some isolated rivers today
were components of larger, ancient river systems (i.e., Pee Dee and Catawba-Santee basins)
were historically connected leading to gene flow across drainages during low sea stands and

complex patterns of genetic divergence (Corcoran 1981; Hocutt et al. 1986). Oswald et al.



(2009) found that two rare Etheostoma species endemic to the Pee Dee and Catawba
drainages shared alleles and exhibited low divergence rates suggestive of historical gene flow
between these taxa/drainages. Similarly, investigation of two taxa in the mussel genus
Parvaspina revealed low intra- (0.0003-0.0016%) and inter-species divergence rates
(0.013%) and a single mtDNA haplotype present in the majority of the sampled populations
among drainages and taxa (Perkins et al. 2017). King et al. (1999) observed similarly low
levels of divergence (i.e., only two variable nucleotide substitution sites) and three mtDNA
haplotypes among 9 Lasmigona subviridis populations in three states (Virginia, West
Virginia, and North Carolina). High levels of haplotype sharing were hypothesized to be
attributable to the fact that most Atlantic Slope drainages are geologically and were more
recently linked with other adjoining drainages on the continental shelf during low sea-stand

intervals.

Study Species

The Carolina heelsplitter (Lasmigona decorata Lea, 1852) was first described as Unio
decoratus from specimens collected in the Saluda-Wateree River System in what was
formerly known as the Abbeville District in west-central South Carolina. Unio insolidus Lea,
1872 and Unio charlottensis Lea, 1863 were described from the Yadkin-Pee Dee Basin along
the North Carolina border in Mecklenburg County and are considered synonyms of
Lasmigona decorata. Both Unio insolidus and Unio charlottensis have a slightly less distinct
transition from the umbo and a wider double ridge along the posterior-dorsal shell margin
than observed in Unio decoratus. These taxa were synonymized under L. decorata by Clarke

(1980) in his revision of the genus Lasmigona.



The Carolina heelsplitter is endemic to the southeastern Atlantic Slope and is
currently one of the most imperiled mussels in North America. Over the past two decades
both Carolina heelsplitter abundance and the extent of occupied habitat appear to have
declined rangewide (USFWS 2012). Historically, Carolina heelsplitters occurred in Piedmont
streams and small rivers in the Carolina and Charlotte Slate belts. Populations are known
from the Saluda, Santee, Savannah, and Yadkin-Pee-Dee basins in North and South Carolina
(Bogan and Alderman 2008). Athearn (1992) reported a specimen from the Oconee River in
Georgia, however this specimen cannot be located and is believed to be a misidentification
(Athearn 1992; Bogan and Raley 2012). Currently, 11 populations are believed to be extant
including 5 in the Santee, 2 in the Pee Dee, 2 in the Savannah and 2 in the Saluda basins
(Three Oaks Engineering 2017, Table 1). These populations are believed to be small and are
isolated from one other by impoundments or other extensive reaches of unsuitable habitat.
Surveys conducted during 2004-2011 found only 152 individuals from among the 11
populations (USFWS 2012). The Lynches River and Flat Creek in South Carolina are
believed to support the largest populations whereas populations in streams around Charlotte
including Goose, Duck and Waxhaw creeks are extremely small and may not be reproducing.

Carolina heelsplitters occur primarily in small to mid-sized streams with stable,
vegetated banks and substrates ranging from muddy sand to muddy gravel (Bogan and Raley
2012; Clarke 1985; Keferel 1991). Declines of Carolina heelsplitter populations in the
Catawba-Santee Basin are likely due to habitat alterations associated with rapidly-increasing
human populations across much of the North and South Carolina Piedmont. North Carolina
was once an important producer of gold and numerous abandoned mining sites present in the

Carolina Slate Belt region continue to impact water quality through acid and metal



contamination (Roghair et al. 2017). Human population growth around Charlotte, NC has
subsequently altered stream physical habitat, water quality, and quantity across the core of
this species’ range (USFWS 2012). Carolina heelsplitters in Waxhaw, Goose, and Duck
creeks were also impacted by historical agriculture, logging, and development. Additionally,
portions of 8 streams with extant Carolina heelsplitter populations have recently been added
to the EPA’s 303d list of impaired waters because they exceed sediment and nutrient
thresholds (Three Oaks Engineering 2017). The combination of low population densities and
declining habitat quality makes Carolina heelsplitters highly vulnerable to extirpation from
stochastic and chronic events.

Prior published research on Carolina heelsplitters is limited and has primarily focused
on aspects of reproductive ecology, habitat ecology and distribution (Bogan 2002; Bogan et
al. 2008; Bogan and Raley 2012; Eads et al. 2010; Ward et al. 2007). The overall goal of this
research was to determine the number of management units present among extant Carolina
heelsplitter populations. To do this I used two approaches. First, I examined variation in the
mitochondrial COI gene to assess genetic diversity within and among Carolina heelsplitter
populations in the Santee, Pee Dee and Savannah basins and examine historical gene flow
patterns among populations. Second, I analyzed variation in the mitochondrial COI, NDI and
nuclear 28s markers to assess diversity within and among all currently-recognized
Lasmigona taxa. This allowed me to investigate current divergence levels within the genus
and to re-construct the phylogeny of Lasmigona sensu strictu to better understand its
evolutionary history. These data will help inform propagation and habitat management

strategies for this endangered freshwater mussel.



Methods

Mussel collections

During 2017-2019 I collected 75 Carolina heelsplitter DNA samples from wild animals and
individuals held at the Marion Conservation Aquaculture Center (MCAC) and Orangeburg
National Fish Hatchery (ONFH) facilities (Table 2). Additionally, 18 Carolina heelsplitter
sequences were used from previous unpublished work in the Gangloff lab (N = 93 animals,
Table 2). Non-lethal DNA samples were collected using buccal swabs (Isohelix SK-1S
swabs, Boca Scientific Inc., Boca Raton, FL) by gently swabbing each side of the foot 5-10x,
using the alternate side of the swab for each side of the foot; mussels were returned to the
substrate immediately afterwards. Surveys were conducted using visual tactile searches aided
by mask and snorkel or bathyscopes (Aquascope Jointed, Nuova Rade, Genova, Italy).
Larger, more stable populations (e.g., Lynches River, Stevens Creek Sub-basin) were
sampled at multiple locations to ensure proper genetic representation (Table 3).

Three putative species were described by Lea in the 1850s (and subsequently
synonymized by Clarke in 1980) from across the current range of Carolina heelsplitters
suggesting that phenotypic plasticity is evident among Carolina heelsplitter populations.
Variable shell morphology that may be similar to other taxa can make it difficult to
conclusively identify Carolina heelsplitters in the field. I used buccal swabs to obtain DNA
samples and verify field identifications of problematic specimens. In addition to specimens
that were clearly diagnosable as Carolina heelsplitters, individuals displaying evidence of a
slightly upturned dorsal shell margin, a double ridge along the posterior-dorsal shell margin,
a relatively thin shell compared to similar-appearing mussels and the presence of a salmon-

to-orange colored foot were also swabbed to verify their identities. Carolina heelsplitters in



the Savannah Basin can be very similar in appearance to Elliptio complanata and Uniomerus
carolinianus and all three taxa co-occur across the range of Carolina heelsplitters (Bogan

2002; Bogan et al. 2008).

Genetic analyses
A DNA bar-coding approach was used to verify field identifications of all Carolina
heelsplitters sampled from wild populations. Sequences from all putative Carolina
heelsplitters were compared with sequences obtained from known Carolina heelsplitters
housed in propagation facilities and the single COI sequence available on Genbank. Sample
tubes containing only buffer and water were used as negative controls to ensure that no
sample contamination had occurred. Buccal swabs were preserved in 95% non-denatured
ethanol in the field and stored on ice during transportation to Appalachian State University
for analyses. Samples collected prior to 2018 were extracted using the MoBio Ultra Clean
Tissue and Cells DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) following
manufacturer protocols, including the optional Proteinase K step. DNA was extracted from
buccal swabs collected in 2018 using the Buccal-Prep Plus DNA Isolation Kit (Isohelix,
Harrietsham, UK) with modifications to the buffer and digestion components in
manufacturers protocol. DNA concentration and purity were evaluated using a NanoDrop
2000 nano-spectrophotometer (Thermo Scientific, Walkham, MA). DNA concentration
values were standardized to either 5 ng/uL or 20 ng/uL (depending on original concentration
readings) using nuclease-free water to optimize DNA amplification.

To determine the identity of putative Carolina heelsplitters and to assess range-wide

(i.e., among and within populations) genetic diversity, I amplified a fragment of the



mitochondrial cytochrome oxidase subunit [ (COI) gene. Polymerase chain reaction (PCR)
amplifications were carried out under the following conditions: 12.5 pL of GoTaq® Green
Master Mix 2X (Promega Corporation, Madison, WI), 40 ng of template DNA, 1.25 pL of
both forward and reverse primers (0.5u M), and nuclease-free water to a final volume of 25
uL per sample.

Reactions were completed using both the primers developed by Campbell et al.
(2012) as well as a more targeted primer set developed by Bogan and Raley (2012) that was
modified from the Folmer 1994 universal COI primer, yielding higher amplification success
rates when using buccal swabs during DNA collection (forward 5°-
TAAACTTCAGGGTGACCAAAAAATCA- 3’; reverse 5°-
GGTCAACAAATCATAAAGATATTGG- 3’).

Reactions were conducted on an Eppendorf Mastercycler Nexus thermal cycler
(Hauppauge, NY, USA) with conditions as follows; 95°C for 2:00, then 40 cycles of 95°C
for 0:45, 52°C for 0:45, 72°C for 1:00, before final extension at 72°C for 7:00. PCR products
were visually examined via gel electrophoresis on a 1% agarose gel stained with ethidium
bromide in 1X TAE buffer, successful reactions were sent to Retrogen Inc. (San Diego, CA)
for sequencing.

To further verify the results of bar-code analyses at the COI locus, I also sequenced a
fragment of the mitochondrial NADH subunit I (VDI) gene and the nuclear 28s ribosomal
RNA gene to obtain coverage at three loci. This was done to more confidently identify
individuals swabbed during field surveys that displayed problematic morphological
characteristics. Primers were adapted from Serb et al. 2003 and Therriault et al. 2004 for the

NDI and 28s genes, respectively.
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COI sequence reads were compiled and edited using Geneious R7 (Biomatters Ltd.,
Auckland, New Zealand). Sequences with HQ scores below 50% were discarded, as were
sequence reads shorter than 512 nucleotides. All reads were examined for the presence of
stop codons, mitochondrially-derived nuclear fragments and male mitotypes (Buhay 2009). A
final alignment of 512 base pairs was constructed using the ClustalW algorithm and
manually trimmed in MEGA 7 (Kumar et al. 2016). Genetic distances were generated using
maximum composite likelihood in MEGA 7. Haplotype data and genetic differentiation
values were determined using DNAsp (Librado and Rozas 2009). ARLEQUIN software was
utilized for AMOVA values (Excoffier and Lischer 2010). Haplotype networks were
constructed in PopArt using a median-spanning algorithm with the epsilon value set to zero

(Clement et al. 2002).

To investigate deeper phylogenetic relationships within Lasmigona 1 compiled a three
gene dataset (COI, NDI and 28s) representing all recognized taxa: L. costata, L. compressa,
L. subviridis, L. alabamensis, L. holstonia, L. etowaensis, L. complanata. Sequences from
taxa within Alasmidonta, Amblema, Anodonta, Anodontoides, Margaritifera, Pyganodon,
Quadrula, Simpsonaias, Strophitus and Utterbackia were utilized as outgroups. Outgroup
specimens were obtained from museum collections at Appalachian State University and
Auburn University. Sequences were also obtained from Genbank when museum animals
were not available (Table 4). Sequence reads were compiled, edited, and aligned using
Geneious R7. Intra- and inter-specific genetic distances were generated using maximum
composite likelihood in MEGA 7. The best-fit model of nucleotide substitution was inferred
for each dataset using IQTree (Trifinopoulos et al. 2016). Bayesian inference by Markov

Chain Monte Carlo (MCMC) analyses were conducted on each single-gene dataset, the
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mitochondrial dataset and a concatenated alignment consisting of all 3 genes using the
MrBayes 3.2.2 plug-in (Huelsenback and Ronquist 2001) within Geneious. Phylogenies

were visualized and edited using FigTree v1.4.2 (Rambaut 2014).

Results

Phylogeography

Initially, I tested the ability of three primer sets to generate sequenceable PCR product
(Bogan and Raley 2012; Campbell and Lydeard 2012; Folmer et al. 1994). Although all three
primers yielded sequences, the Bogan and Raley (2012) primer set consistently yielded
higher quality reads from Lasmigona and closely-related taxa. Modification of manufacturer
protocols for DNA extraction from buccal swabs produced higher nucleic acid
concentrations, increasing material for downstream analysis.

Analysis of the COI gene revealed low levels of genetic divergence and a high rate of
haplotype sharing among Carolina heelsplitter populations in the Pee Dee, Santee, and
Savannah basins. I observed a mean pairwise substitution rate of 0.0014 (0.14%) among all
sampled Carolina heelsplitter populations. Haplotype diversity (Hd) for all 93 sequences was
0.5653 + SD 0.036 and the average number of pairwise nucleotide differences (k) and
nucleotide diversity (1T) were found to be 0.640 and 0.00135, respectively. Two non-
synonymous polymorphisms were identified in the data set. Individuals from Goose and
Duck creeks (Pee Dee Basin) had a C instead of a T at nucleotide 424, a substitution unique
to this population. Additionally, individuals in haplotype 3 possessed a C at nucleotide 278,

whereas all others had a T.
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Within-drainage divergence rates were highest in the Catawba River Drainage and the
Pee Dee Basin (Table 5). In the Catawba Drainage, a maximum genetic distance of 0.0021
(0.21%) was observed when comparing individuals from Sixmile Creek to specimens
collected in the Rocky and Fishing creek sub-basins. The maximum genetic distance
observed among Savannah Basin individuals (0.0020) was found when comparing specimens
from Mountain Creek and Turkey Creek to individuals sampled from tributaries to Stevens
Creek. Within the Pee Dee Basin, the highest divergence rates were observed among
Carolina heelsplitters from the Lynches River and Goose and Duck creeks (0.0039).
Interestingly, the greatest pairwise genetic distances were observed between individuals from
the adjoining Pee Dee and Santee (Catawba) basins (Table 5).

Within-population genetic distances were highest in the Lynches River (0.08%) and
Stevens Creek sub-basins (0.04%, Table 6). Among-population genetic distances were
highest when comparing individuals from the Goose and Duck creek populations to
individuals from Rocky Creek (0.43%) as well as when comparing the Lynches River to the
Goose and Duck creek populations (0.26%, Table 6).

Examination of range-wide genetic diversity revealed that three distinct haplotypes
were broadly distributed among basins supporting Carolina heelsplitter populations (Figure
1). All three haplotypes were found in Pee Dee populations whereas Santee and Savannah
populations only had two haplotypes present (Figure 1). Additionally, haplotype 2 was
geographically restricted to populations in Goose and Duck creeks, tributaries of the Pee Dee
River (Figure 2). I did not observe any other examples of haplotype isolation. Haplotype 1

occurred in 5 populations, and haplotype 3 occurred in 3 populations (Figure 2). Both
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haplotypes 1 and 3 were present in several streams including the Lynches River and Flat
Creek in the Pee Dee Basin as well as Mountain and Turkey creeks in the Savannah Basin.
Genetic divergence rates were generally low both within and among COI haplotypes
detected in each population and drainage (Table 7). Individuals in Fishing Creek, Sixmile
Creek (haplotype 1) and Rocky Creek (haplotype 3) were all genetically identical (i.e., only
one haplotype was detected). Santee Basin specimens in haplotype 1 are 0.21% (0.0021)
different from haplotype 3 detected in Rocky Creek, the dominant Santee Basin haplotype.
Haplotype 2 was only found in individuals sampled from the Goose and Duck Creek
population and is 0.43% (0.0043) different from Pee Dee haplotypes observed in the Lynches
River population. Specimens sampled from Mountain and Turkey creeks were the most
genetically distinct among Savannah Basin individuals, and I only detected haplotype 3 in
these samples. Haplotype 3 is 0.21% (0.0021) different from Haplotype 1, the dominant

Savannah Basin haplotype.

Population Genetics
Analysis of molecular variance (AMOV As) conducted within basins revealed that 88% of
genetic variation is encompassed among populations whereas 12% is harbored within
populations. Furthermore, the polymorphism at locus 424 drives 56% of variation among
basins, whereas 81% of within-basin variation is driven by the polymorphism at site 238.
Gene flow indices showed relatively low amounts of nucleotide and haplotype
diversity both on a basin and population scale (Table 8). Within-basins, nucleotide and gene
diversities were low; most populations were invariant at the COI gene except for the Lynches

River and Stevens Creek populations which both supported two haplotypes. Positive
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Tajima’s D and Fu’s Fs values indicate that these populations are decreasing in size and
approaching balancing selection (Table 8). Interestingly, when the Savannah Basin sites were
considered to be a single population, these statistics appear to suggest that the population
may be expanding. However, neutrality tests were non-significant and deviation from neutral
selection could not be inferred. Analysis of genetic differentiation revealed moderate
amounts of gene flow and population structuring among basins (Table 9). Moderate to high
amounts of genetic variation are due to structuring among populations, as individuals in the
Goose, Duck and Rocky creek populations were significantly different from all other
populations, potentially showing an adaptive mutation leading to genetically distinct

populations. (Table 10).

Phylogeny of Lasmigona

Phylogenetic analyses revealed that Lasmigona, as currently recognized, is polyphyletic. All
analyses consistently revealed that L. decorata is most closely-related to L. subviridis and L.
compressa (Figures 3, 4, 5, and 6). I found similarly low levels of divergence among L.
subviridis, another Atlantic Slope taxon, but much higher levels of intraspecific divergence
among Interior Basin taxa (e.g., L. costata and L. complanata). However sample sizes for
most putative Lasmigona taxa were much smaller than my L. decorata dataset. Within-
species divergence rates were higher in L. costata in all analyses (Table 11). Among species
variation was highest when comparing L. costata specimens to L. holstonia and L. etowaensis
(Table 12). Haplotype maps showed both high divergence and geographic structuring across

Lasmigona (Figures 7 and 8).
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Discussion

My research found that Carolina heelsplitters exhibit a low degree of genetic diversity
suggestive of a high degree of historical connectivity both within and among populations.
This is surprising because extant populations are presently geographically disjunct and
scattered across small and isolated patches of habitat in three river drainages. Small
geographic range, habitat specialization, limited mobility and resultant genetic bottlenecking
are among the intrinsic characteristics that predispose species to extinction, and these life
history traits characterize many unionid taxa (Harcourt et al. 2002; Purvis et al. 2000). To
fulfill objectives outlined in the species recovery plan, critical habitat for the Carolina
heelsplitter has been designated for 148.4 km within 10 North and South Carolina streams
(USFWS 2002). Additionally, the use of captive breeding programs to propagate individuals
for augmentation of wild populations and for the re-introduction of Carolina heelsplitter to

habitats within its historical distribution are currently underway in hatchery facilities.

Phylogeography
A thorough understanding of phylogeographic patterns among L. decorata populations is
critical to meeting range-wide species recovery goals. These data reveal that the COI gene is
highly conserved within Lasmigona decorata and this is consistent with results obtained by
previous studies of congeners (e.g., L. subviridis- King et al. 1999, L. costata- Galbraith et al.
2011) as well as from other studies of highly-endemic, Atlantic Slope mussels (e.g.,
Parvaspina, Perkins et al. 2017).

Despite a significant degree of contemporary isolation, it appears that historical

processes may explain phylogeographic patterns observed among L. decorata populations
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(Bernatchez and Wilson 1998). Limited levels of genetic divergence observed within and
among widespread and highly-isolated populations suggest Carolina heelsplitters historically
occurred throughout the Santee (Catawba), Pee-Dee and Savannah basins and that the
geographic isolation of populations is likely a relatively recent phenomenon. Much of the
Southeastern U.S. was subject to intensive surface and placer mining decades before the first
mussel surveys were conducted in the mid-19" century (Foley and Ayuso 2012). It is likely
that widespread mining, forest clearing and other forms of habitat degradation that persisted
throughout much of the 19" and 20" centuries may have done as much or more than current
anthropogenic stressors to isolate populations of Carolina heelsplitters. The mitochondrial
COI gene typically mutates at a rate of 0.67-1.21% per million years and the high degree of
genetic similarity observed suggests that these populations were connected as recently as the
Pleistocene (Inoue et al. 2014; Marko 2002). Alternatively, some L. compressa and L.
subviridis have been found to be hermaphrodites (Breton et al. 2010; King et al. 1999; Van
der Schalie 1966). Thus, it is possible that some degree of facultative or obligate
hermaphroditic reproduction is possible in Carolina heelsplitter populations and that this may
explain the low levels of observed diversity as well as how some populations are able to
persist at vanishingly low numbers (Cyr et al. 2007; Hinzmann et al. 2013).

In order to get a more complete picture of the genetic variability within L. decorata, 1
did not limit surveys for wild individuals to known localities within stream systems and
instead identified sites based on the presence of suitable habitats. These surveys extended L.
decorata’s known range within the Stevens Creek sub-basin by ~4.5 km and yielded new
locations for L. decorata in Mountain, Sleepy and Little Stevens creeks. Detection of gravid

individuals coupled with relatively high detection rates (e.g., 4-7 L. decorata per site) suggest
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that populations in these streams may be larger than previously thought, or that Carolina
heelsplitter detectability may vary substantially across seasons. Although this has not been
the subject of a focused study, detectability has been found to vary considerably among
seasons for other freshwater mussel taxa (Lurman et al. 2014; Rondel 2019; Wacker et al.
2019). Nevertheless, it seems that the Stevens Creek sub-basin is a stronghold for Carolina
heelsplitters, and it is likely that other streams in the sub-basin may support populations.
Surveys targeting stable stream channels in forested sub-catchments may expand the known
range of Carolina heelsplitters in the Savannah Basin.

I found that 2 of 3 COI haplotypes identified were broadly distributed and occurred in
Carolina heelsplitter populations across the Pee Dee, Santee, and Savannah basins. The
population in Goose and Duck creeks contains a unique haplotype suggesting that stocking
with propagated individuals may have led to some genetic swamping. However, this is not
the only well-sampled (n >20 samples) population where only a single haplotype was
present. Other populations including Rocky (n=8 samples) and Sixmile (n=13 samples)
creeks also supported a single haplotype. Moreover, because overall genetic diversity is so
low (haplotypes differed by only 1 or 2 base pair substitutions and single haplotype
populations were common), managers may want to consider attempting to increase intra-
population heterozygosity by translocation or cross-breeding individuals from populations
exhibiting different haplotypes (Lane et al. 2019; Scott et al. 2014).

A non-significant neutrality test revealed that each population is evolving via random
genetic drift, thereby selective pressures (i.e., directional, balancing, or demographic
selection) are likely not significantly impacting populations. Genetic structuring among

basins is moderate when comparing the Pee-Dee to both the Santee and Savannah basins.
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Lower levels of genetic differentiation suggest recent gene flow between the Santee and
Savannah basins. Further, when comparing Goose and Duck creeks to all other localities and
when comparing individuals from the Rocky Creek sub-basin to other populations within the
Catawba Drainage, a significant differentiation in population structure was detected,

potentially providing evidence for local adaptations.

Phylogeny

Results show that Lasmigona, as currently recognized, is not a monophyletic genus and that
deep-rooted radiation has occurred multiple times in the tribe Anodontini (Table 13).
Lasmigona decorata was found to be sister to L. subviridis and L. compressa in both single-
and multi-gene analyses (Figures 3, 4, 5, and 6). These data are consistent with Ortmann’s
(1913) hypothesis that L. subviridis originated when Interior Basin headwater streams
supporting L. compressa were captured by Atlantic Slope headwaters. Multi-gene analyses
revealed that L. decorata, L. subviridis and L. costata are more closely related to
Alasmidonta and Pyganodon than they are to L. holstonia and L. etowaensis.

Intraspecific genetic variation was also low within both L. subviridis and L.
compressa (putative sister taxa to L. decorata) and is similar to values observed among other
Southern Atlantic Slope species. Interestingly, L. costata had the highest intra-specific
divergence among all taxa examined. High levels of genetic divergence in this taxon may be
attributable to the fact that large, stable L. costata populations are found across the Interior
Basin as well as in rivers draining to both the Atlantic and Arctic oceans (Watters et al.
2009). It would be interesting to examine whether L. costata populations in Atlantic or Arctic

slope drainages are less diverse than Interior Basin conspecifics.
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Management considerations and recommendations

Goose and Duck creeks support what are believed to be the smallest remaining Carolina
heelsplitter populations, and these streams should be candidates for translocation or stocking
of propagated mussels. However, these streams are also located in the Charlotte, North
Carolina metro-area and are increasingly impacted by development, nutrient-loading and
increased concentrations of associated pollutants (Goose Creek Watershed Management
Plan, 2009). All individuals detected in these streams during the last decade have been
moved to ark (captive rearing and propagation) facilities and it seems unlikely that adding
genetic diversity from other localities to these populations would increase the likelihood that
this species will persist in the Goose and Duck creek sub-basins.

Results of this study suggest that current survey methods for detecting Carolina
heelsplitters could be improved in several ways. First, the geographical extent of surveys
should be expanded to include streams with hydrological connections to streams supporting
Carolina heelsplitter populations. Second, field identifications should be verified using DNA
bar-coding whenever possible. Reproductive strategies utilized by unionids allow for the
movement of individuals across broad geographic scales; this dispersal mechanism also
promotes the spread of individuals through relatively impacted streams and the colonization
of other suitable reaches (Archambault et al. 2018; Bauer 1987; Dudding et al. 2019). More
geographically-widespread surveys coupled with DNA bar-coding studies conducted across
the Carolina Slate Belt Physiographic Provence may detect additional populations that could

serve as sources of brood stock or refugia for this highly range-restricted mussel.
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Freshwater mussel taxonomists commonly rely on morphological characteristics to
identify species in the field and this reliance on phenotypically plastic traits has contributed
to conflicting views of species relationships in many groups. Shell growth and shape are
strongly influenced by environmental factors (Mitton and Koehn 1985). Differences in
chemical, physical, and biological factors among environments drive phenotypic variation
within freshwater mollusk species (Dillon 2000). Convergent shell morphology exhibited by
Carolina heelsplitters and sympatric unionid taxa (including the widespread and numerically
dominant Elliptio complanata) may complicate identifications and lead to very different
conclusions about the condition of a stream’s mussel populations. Inexperienced unionid
taxonomists and individuals with little experience working with Carolina heelsplitters may
wish to err on the side of caution and use genetic screening to verify the identity of
morphologically problematic individuals. Primers developed by Bogan and Raley (2012)
successfully produced sequences only for Lasmigona and closely-related taxa (i.e., the tribe
Anodontini) in this study, demonstrating a potential method to rapidly differentiate Carolina
heelsplitters from similar appearing taxa including E. complanata.

The Carolina heelsplitter has been listed by the US Fish and Wildlife Service as an
endangered species for over two decades. Recovery strategies, including controlled
propagation and release have likely increased the likelihood that this species will persist
through the Anthropocene. However, the population in Goose and Duck creeks appears to be
on the brink of disappearing and efforts to increase genetic diversity are unlikely to recover
this population. Conversely, populations in the Lynches River in the Pee Dee Basin along
with the Stevens and Rocky Creek Sub-basins in the Savannah Basin appear to be stable and

possibly adapting to local pressures, therefore maintaining the genetic structure of these
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populations may prove to be advantageous. Future studies should examine microsatellites or
other less-conserved markers to examine whether the genetic patterns observed for the CO/
gene are a product of historical connections or recent isolation. Additionally, very little is
known about the habitat ecology and life history of Carolina heelsplitters. Adjustment of
survey methods to take advantage of seasonal changes in surface activity associated with
reproduction may improve detection rates and lead to the discovery of additional

conservation or management units.
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Tables and Figures

Table 1. All documented extant populations of Lasmigona decorata. Streams represented in
this study are underlined. Streams represented in this study were pooled by both basin and

population for analyses.

Basin Population Streams within population

Pee Dee Goose Creek/Duck Creek  Goose Creek, Duck Creek

Pee Dee Lynches River Lynches River, Flat Creek
Santee Sixmile Creek Sixmile Creek
Santee Waxhaw Creek Waxhaw Creek

Santee Cane Creek/Gills Creek Cane Creek, Gills Creek
Santee Fishing Creek Sub-basin Fishing Creek

Santee Rocky Creek Sub-basin Hooper Branch, Bull Run Creek, UT Bull

Run Creek, Beaverdam Creek, Custer Branch

Saluda Redbank Creek Redbank Creek
Saluda Halfway Swamp Creek Halfway Swamp Creek

Savannah  Stevens Creek Sub-basin Little Stevens Creek, Mountain Creek, Sleepy

Creek, Beaverdam Creek, Rocky Creek,

Turkey Creek

Savannah  Cuffytown Creek Cuffytown Creek
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Table 2. Sampling location and haplotype number for Lasmigona decorata sequences
analyzed in this study (n=93). Sampling locations were grouped by both basin and population
for statistical analysis. * Indicates samples collected from hatchery facilities. Geographic

information is provided, GPS coordinates and additional metadata is available upon request.

Basin State  Sub-basin Locality Hap Sample ID
Santee SC Fishing Fishing Creek 1 TS4
Santee NC Sixmile Sixmile Creek 1 MGS8II2017.2*
Santee NC Sixmile Sixmile Creek 1 MGS8II12017.3*
Santee NC Sixmile Sixmile Creek 1 MGS8II2017.4*
Santee NC Sixmile Sixmile Creek 1 MGS8II2017.5%*
Santee NC Sixmile Sixmile Creek 1 VF20X17.1*
Santee NC Sixmile Sixmile Creek 1 VF20X17.3*
Santee NC Sixmile Sixmile Creek 1 VF20X17.9*
Santee NC Sixmile Sixmile Creek 1 VF20X17.10*
Santee NC Sixmile Sixmile Creek 1 VF20X17.11*
Santee NC Sixmile Sixmile Creek 1 VF20X17.12*
Santee NC Sixmile Sixmile Creek 1 VF20X17.14*
Santee NC Sixmile Sixmile Creek 1 VF271V2018.10*
Santee NC Sixmile Sixmile Creek 1 TF47.2%*
Santee SC Rocky UT Bull Run Creek 3 TS1
Santee SC Rocky Beaverdam Creek 3 MG160418.tws.1
Santee SC Rocky Beaverdam Creek 3 TS2
Santee SC Rocky Bull Run Creek 3 TS3
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Basin State  Sub-basin Locality Sample ID

Santee SC Rocky Beaverdam Creek TS5

Santee SC Rocky UT Bull Run Creek TS6

Santee SC Rocky Bull Run Creek TS7

Santee SC Rocky Custer Branch VF131112017.4*
Pee Dee NC Goose/Duck  Goose Creek MGS8I12017.7*
Pee Dee NC Goose/Duck  Goose Creek MGS8I12017.8*
Pee Dee NC Goose/Duck  Goose Creek MGS8I12017.9*
Pee Dee NC Goose/Duck  Goose Creek MGS8II2017.10*
Pee Dee NC Goose/Duck  Goose Creek MGS8II2017.11*
Pee Dee NC Goose/Duck  Goose Creek MGS8II2017.12*
Pee Dee NC Goose/Duck  Goose Creek VF131112017.2*
Pee Dee NC Goose/Duck  Goose Creek VF131112017.3*
Pee Dee NC Goose/Duck  Goose Creek VF271V2018.3*
Pee Dee NC Goose/Duck  Goose Creek VF271V2018.4*
Pee Dee NC Goose/Duck  Goose Creek VF271V2018.5*
Pee Dee NC Goose/Duck  Goose Creek VF271V2018.6*
Pee Dee NC Goose/Duck  Goose Creek TF28*
Pee Dee NC Goose/Duck  Goose Creek TF30*
Pee Dee NC Goose/Duck  Duck Creek TF32*
Pee Dee NC Goose/Duck  Duck Creek TF34*
Pee Dee NC Goose/Duck  Duck Creek TF36*
Pee Dee NC Goose/Duck  Goose Creek TF38*
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Basin State  Sub-basin Locality Hap Sample ID
Pee Dee NC Goose/Duck  Goose Creek 2 TF39%*

Pee Dee NC Goose/Duck  Goose Creek 2 TF41*

Pee Dee NC Goose/Duck  Duck Creek 2 TF42*

Pee Dee NC Goose/Duck  Goose Creek 2 TF43*

Pee Dee NC Goose/Duck  Goose Creek 2 TF46.2*

Pee Dee NC Goose/Duck  Goose Creek 2 TF48.2*

Pee Dee NC Goose/Duck  Goose Creek 2 TFS51*

Pee Dee NC Goose/Duck  Goose Creek 2 TF52%*

Pee Dee NC Goose/Duck  Goose Creek 2 TF54*

Pee Dee NC Goose/Duck  Goose Creek 2 TF55%*

Pee Dee NC Goose/Duck  Goose Creek 2 TF56*

Pee Dee SC Lynches Flat Creek 1 TS8

Pee Dee SC Lynches Lynches River 1 TS9

Pee Dee SC Lynches Lynches River 1 TS10

Pee Dee SC Lynches Lynches River 1 TS11

Pee Dee SC Lynches Lynches River 1 TS12

Pee Dee SC Lynches Lynches River 1 VF13VI2017.1
Pee Dee SC Lynches Lynches River 3 VF13VI2017.2
Pee Dee SC Lynches Lynches River 1 VF13VI2017.17
Pee Dee SC Lynches Lynches River 3 VF13VI2017.18
Pee Dee SC Lynches Lynches River 1 VF13VI2017.19
Savannah  SC Stevens Turkey Creek 3 JW2II12017.1*
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Basin State  Sub-basin Locality Hap Sample ID
Savannah  SC Stevens Mountain Creek 3 JW2I112017.2*
Savannah  SC Stevens Turkey Creek 3 JW2I112017.3*
Savannah  SC Stevens Mountain Creek 1 VF14VI2017.2
Savannah  SC Stevens Mountain Creek 1 VF31V2018.1*
Savannah  SC Stevens Turkey Creek 1 VF31V2018.2*
Savannah ~ SC Stevens Turkey Creek 1 VF31V2018.3*
Savannah  SC Stevens Mountain Creek 1 VF31V2018.4*
Savannah  SC Stevens Mountain Creek 1 VF3IV2018.5*
Savannah  SC Stevens Turkey Creek 1 VF31V2018.6*
Savannah  SC Stevens Sleepy Creek 1 VF10V2018.1
Savannah  SC Stevens Mountain Creek 1 VF10V2018.4
Savannah ~ SC Stevens Mountain Creek 1 VF10V2018.5
Savannah  SC Stevens Mountain Creek 1 VF10V2018.6
Savannah  SC Stevens Mountain Creek 1 VF10V2018.8
Savannah  SC Stevens Mountain Creek 1 VF10V2018.9
Savannah ~ SC Stevens Mountain Creek 1 VF10V2018.11
Savannah  SC Stevens Little Stevens Creek 1 VF10V2018.12
Savannah  SC Stevens Little Stevens Creek 1 VF10V2018.13
Savannah  SC Stevens Little Stevens Creek 1 VF10V2018.14
Savannah  SC Stevens Little Stevens Creek 1 VF10V2018.16
Savannah  SC Stevens Little Stevens Creek 1 VF10V2018.17
Savannah  SC Stevens Sleepy Creek 1 VF20I112019.2.1
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Basin State  Sub-basin Locality Hap Sample ID

Savannah  SC Stevens Sleepy Creek 1 VF201112019.2.2
Savannah  SC Stevens Sleepy Creek 1 VF201112019.2.3
Savannah  SC Stevens Sleepy Creek 1 VF201112019.2.4
Savannah  SC Stevens Sleepy Creek 1 VF201112019.2.5
Savannah  SC Stevens Sleepy Creek 1 VF20I112019.2.6
Savannah ~ SC Stevens Sleepy Creek 1 VF201112019.2.7
Savannah  SC Stevens Sleepy Creek 1 VF201112019.2.8
Savannah  SC Stevens Sleepy Creek 1 VF201112019.2.9
Savannah  SC Stevens Mountain Creek 1 VF201112019.3.1
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Table 3. River basin, population names, specific collection localities and geographic

coordinates for Lasmigona decorata populations represented in this study. Sampling

locations were grouped by basin and population for statistical analysis. Additional metadata

is available upon request.

Basin Sub-basin Stream Locality
Santee Fishing Creek Fishing Creek Millen Rd., Chester, NC
Santee Sixmile Creek Sixmile Creek Marvin Rd., Union, NC
Santee Rocky Creek Beaverdam Hunter Rd., Chester, SC
Creek
Santee Rocky Creek Bullrun Creek Peden Bridge Rd., Chester, SC
Santee Rocky Creek UT Bullrun Pleasant Grove Rd., Chester, SC
Creek
Santee Rocky Creek Custer Branch Pleasant Grove Rd., Chester, SC
Pee Dee Goose/Duck Duck Creek Duck Creek Ln., Union, NC
Creek
Pee Dee Goose/Duck Goose Creek NC 601, Union, NC
Creek
Pee Dee Goose/Duck Goose Creek NC 601, Union, NC
Creek
Pee Dee Goose/Duck Goose Creek NC 601, Union, NC
Creek
Pee Dee  Lynches River Lynches River SC 265 at Lucas Drive, Lancaster, SC
Pee Dee  Lynches River Lynches River Mack Raley Rd., Lancaster, SC
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Basin Sub-basin Stream Locality

Pee Dee = Lynches River Lynches River SC 265 at Lucas Dr., Lancaster, SC

Savannah  Stevens Creek Sleepy Creek Faulkner Mountain Rd., Edgefield,
SC

Savannah  Stevens Creek Sleepy Creek Sleepy Creek Rd., Edgefield, SC

Savannah  Stevens Creek Steven’s Creek Little Steven’s Creek Baptist Church,
Edgefield, SC

Savannah Stevens Creek Mountain Creek  Timmerman Rd., Edgefield, SC

Savannah  Stevens Creek Mountain Creek  Sheppard Rd., Edgefield, SC

Savannah  Stevens Creek Mountain Creek  SC 378 at Long Cane Rd., Edgefield,

SC
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Table 4. Taxa, accession numbers, and authors for sequences that were utilized for outgroups in this analysis. Dashes indicate that

there was no representative for that species at that locus.

Species

COI

NDI

28s

Reference

Alasmidonta heterodon

AF093840.1!

MG905826.12

King et al. 1999

2Aunins et al. 2018

Alasmidonta marginata

AF156502.1°

GU085335.1*

AF400688.1°

3Graf and O’Foighill 2000

“Boyer et al. 2011

SGraf 2002

Alasmidonta raveneliana

VF271V18.13°

VF271V18.13°

VF12I1118.26

®Gangloff et al. unpublished data

Alasmidonta triangulata

MG199612.17

MG199739.17

’Smith et al. 2017

Alasmidonta undulata

MK308197.1%

HM849205.1°

$Aguilar et al. 2018

Breton et al. 2011

Alasmidonta varicosa

MK308233.11°

EF466103.1!!

10A guilar et al. 2018
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Species COIl NDI 28s Reference

Alasmidonta varicosa "Kneeland and Rhymer 2007

Alasmidonta viridis VF271V18.1112 - VF271V18.1112 2Gangloff et al. unpublished
data

Amblema plicata AUM1524213 AUM1524213 AUM1524213 3Gangloff et al. unpublished

DQ648121.11

MH633585.11°

MK036071.11¢

data
14E]derkin et al. 2006
I5Johnson et al. 2018

16Smith et al. 2019

Anodonta cygnea

MK034160.1"

MG385135.118

MF414395.1%

"Bolotov et al. 2019

8Burzynski and Soroka 2017

YFroufe et al. 2017

Anodonta implicata

MK308353.1%°

EF466101.1%!

20Aguilar et al. 2018

2'Kneeland and Rhymer 2007
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Species

COI

NDI

Reference

Anodontoides denigrata

MG199641.1%

MG199768.12

22Smith et al. 2017

Anodontoides

ferussacianus

MG199687.1%

MG199814.1%

23Smith et al. 2017

Lasmigona alabamensis

MG29X16.1.08%
MG29X16.1.09%

MG29X16.1.10%

MG29X16.1.08%
MG29X16.1.09%

MG29X16.1.10%

MG29X16.1.08%
MG29X16.1.09%

MG29X16.1.10%

24Gangloff et al. unpublished
data
24Gangloff et al. unpublished
data
24Gangloff et al. unpublished

data

Lasmigona complanata

AF093845.1%

GU085349.1%
GU085348.1%
HM849226.1%7
HM849225.1%7
HM849224.1%7

HM849223.1 %

ZKing et al. 1999
Z6Boyer et al. 2011

27Breton and Hoeh 2010
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Species COlI NDI 28s Reference
Lasmigona complanata - HMS849222.1%7 -
- HM849220.1%7 ---
Lasmigona compressa HMS849079.128 HMS852930.13! DQ191414.13? 28Breton and Hoeh 2010

HM849080.12%
HM849081.1%%
HM849084.1%%
HM849085.1%%
HM856638.1%%
AF156503.1%°
AF093846.13°
AF093847.13°

NC 015481.1%

HM852929.1%!
HM852928.1°!
HM849233.12¢
HM849232.12¢
HM849231.12¢
HM849230.12¢

HM849229.1%¢

2Graf and Foighil 1999
30King et al. 1999
3Boyer et al. 2011

32Graf and Cummings 2006

Lasmigona costata

HM849086.13*
HM849087.133

HM849088.1 %

HM852931.13¢
GU085352.13¢

GU085351.1%¢

33 Breton and Hoeh 2010
34 King et al. 1999

3SHewitt et al. 2018
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Species

COI

NDI

Reference

Lasmigona costata

HM849089.13°
AF093848.13

KU985185.1%
KU985186.1%
KU985187.1%
KU985188.1%
KU985189.1%
KU985190.1%
KU985191.1%
KU985192.1%
KU985193.1%
KU985195.1%
KU985196.1%
KU985197.1%

KU985198.1%

GU085350.13¢
HM849237.133
HM849236.133
HM849235.133

HM849234.133

3%Boyer et al. 2011

3"Metzger et al. 2018
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Species CO1 NDI 28s Reference
Lasmigona costata KU985199.13 - -
KU985200.13 --- ---
KU985201.1% --- ---
GU085295.13¢ --- ---
GU085296.13¢ --- ---
MH012240.1%7 --- ---
Lasmigona decorata AF093849.138 - - 38King et al. 1999
Lasmigona etowaensis MG199611.1% MG199778.1%° - 3Smith et al. 2017
MG199651.1%° MG199738.1%° ---
Lasmigona holstonia AY655001.1 4 AY655103.14 AUM931.14 “0Campbell et al. 2005
AUM931.14 - AUM931.34 “IGangloff et al. unpublished
AUMO931.34 - AUM928.14 data

Lasmigona subviridis

HM849090.14

HM849091.14

HM849240.14

HM849239.14

1X112014.1.5%

42 Breton et al. 2010
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Species

COIl

NDI

Reference

Lasmigona subviridis

HM849092.14
HM856640.1 +?
AF091330.1%
AF093850.1%
AF093851.1%
TF1#

TF2#

TF3%*

TF4%

TF5*

TF9*

TF10%
8.17.4%
8.17.6%

8.17.74

HM849238.14

43 King et al. 1999
“Gangloff et al. unpublished

data
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Species

COI

Reference

Lasmigona subviridis

1X112014.1.1%
1X112014.1.2%
1X112014.1.3%
1X112014.1.4%
1X112014.1.5%
6VI2015.14
23V2011.1.1%

RWVDIX1985.1.1#

Margaritifera

margaritifera

KX056490.1%

EF466105.14

AM779649.1%

Valila et al. 2016
“Kneeland and Rhymer 2007

“TTaylor et al. 2007

Pyganodon cataracta

JX101491.1%

EF446102.1%

48Stanton et al. 2012

“’Kneeland and Rhymer 2007

Pyganodon grandis

AUM24446°

AUM24446°

AUM24446°

S9Gangloff et al. unpublished

data
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Species

COI

NDI

28s

Reference

Quadrula quadrula

KX853981.1°!

MH633595.1°2

MK036133.1°

3Mathias et al. 2016
32 Johnson et al. 2018

3Smith et al. 2019

Simpsonaias ambigua

KX822666.1%*

KX822622.1%4

>*Lopes et al. 2016

Strophitus radiatus

MG199722.1%

MG199849.1%°

3Smith et al. 2017

Strophitus undulates

TF215¢

TF215¢

DQI191415.15

S5Gangloff et al. unpublished

data

S’Graf and Cummings 2006

Utterbackia imbecillis

HM849172.1°8

GU085384.1%°

>8Breton et al. 2011

Boyer et al. 2011
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Table 5. Among- and within- basin genetic distances for Lasmigona decorata. Pairwise
genetic distances (x100) were calculated using the maximum composite likelihood method.

Numbers along the diagonal (bold) represent within-basin divergence rates.

Santee Pee Dee Savannah

Santee 0.10
Pee Dee 0.24 0.12
Savannah 0.08 0.19 0.04
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Table 6. Among- and within-population genetic distances for Lasmigona decorata. Pairwise

genetic distances (x100) were calculated using the maximum composite likelihood method.

Numbers along the diagonal (bold) represent within-population divergence rates. Values

represented with an asterisk (*) had a divergence value of zero. Data were pooled at the sub-

basin scale for Rocky and Stevens Creeks.

1 2 3 4 5 6
1. Goose/Duck Creek *
2. Lynches River 0.26  0.08
3. Sixmile Creek 0.21  0.04 *
4. Fishing Creek 0.21 0.04 * *
5. Rocky Creek 043 017 021 0.21 *
6. Stevens Creek 023 0.05 002 002 019 0.04
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Table 7. Among and within haplotype genetic distances for Lasmigona decorata. Pairwise
genetic distances (x100) were calculated using the maximum composite likelihood method.
Values next to basin names indicate the dominant haplotype detected in the basin. Numbers

along the diagonal (bold) represent within-basin haplotype divergence rates.

Haplotype 1 Haplotype 2 Haplotype 3
1. Savannah 0.20
2. Pee Dee 0.21 0.39
3. Santee 0.21 0.43 0.21
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Table 8. Genetic diversity indices and test of neutrality for Lasmigona decorata among (A)

basins and (B) populations. All neutrality tests were non-significant (p> 0.05). N= number of

individuals, Hd= haplotype diversity, Pi= nucleotide diversity. Data were pooled at the sub-

basin scale for Rocky and Stevens Creeks.

A. Basin

Santee
Pee Dee

Savannah

B. Population

Goose/Duck Creek
Lynches River
Fishing Creek
Rocky Creek
Sixmile Creek

Stevens Creek

N Hd Pi No. of Tajima’s Fu’s Fs
Haplotypes D

22 0.48485 0.00095 2 1.33425  1.39229

47 0.51249 0.00110 3 0.45329  0.60479

32 0.17540 0.00035 2 -0.44826  -0.01937

N Hd Pi No. of Tajima’s Fu’s Fs
Haplotypes D

29 0.0000  0.0000 1 0.0000 N/A

10 0.3556  0.0007 2 0.0150 0.4167

1 0.0000  0.0000 1 0.0000 N/A

8 0.0000  0.0000 1 0.0000 N/A

13 0.0000  0.0000 1 0.0000 N/A

32 0.17540  0.0004 2 -0.4483  -0.0194

54



Table 9. Pairwise Fst values measuring genetic differentiation between basins supporting

Lasmigona decorata populations. All values are statistically significant (P<0.05).

Basin Santee Pee Dee

Santee

Pee Dee 0.46279

Savannah 0.16953 0.47682
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Table 10. Pairwise Fst values measuring genetic differentiation between Lasmigona
decorata populations. Values with asterisk are statistically significant (P<0.05). Data were

pooled at the sub-basin scale for Rocky and Stevens Creeks.

Population 1 2 3 4 5

1. Goose/Duck Creek

2. Lynches River 0.923*

3. Fishing Creek 1* -0.778

4. Rocky Creek 1* 0.755%* 1

5. Sixmile Creek 1* 0.148  0.000 1*

6. Stevens Creek 0916* -0.014 -0.871 0.850* 0.015
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Table 11. Intra-specific genetic distances for all Lasmigona taxa represented in study.
Pairwise genetic distances (x100) were calculated using the maximum composite likelihood

method.

cor NDI

L. alabamensis 0.301 0

L. complanata N/A 0.341

L. compressa 0 0.050
L. costata 1.809 1.381
L. decorata 0.143 0

L. etowaensis 1.077 0.197

L. holstonia 0 N/A

L. subviridis 0.036 0
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Table 12. Mean inter-specific genetic distances for all Lasmigona taxa represented in study.
Pairwise genetic distances (x100) were calculated using the maximum composite likelihood
method. Values below the diagonal (bold) represent variation at the COI locus, values above

the diagonal (italics) represent variation at the NDI locus.

1. L. alabamensis 2.5 196 119 197 203 21.3 206
2. L. complanata 1.8 190 121 189 197 201 189
3. L. compressa 134 14.0 188 4.3 164 17.0 4.7

4. L. costata 11.8 109 174 19.7 216 21.2 201
5. L. decorata 152 159 4.2 18.0 173 179 4.7

6. L. etowaensis 184 181 171 21.6 194 1.9 16.1
7. L. holstonia 192 184 175 230 191 85 16.7

8. L. subviridis 119 126 38 165 5.2 18.0 164
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Table 13. Summary of phylogenetic hypotheses and outcomes for single-gene and multi-gene analyses in this study.

69) for L. compressa

for L. compressa

Hypothesis COl NDI COI/NDI COI/NDI/28S
Monophyletic Lasmigona Polyphyletic- 3 deeply | Unresolved Polyphyletic- 3 deeply Polyphyletic- 3 deeply
divergent clades divergent clades divergent clades

Moderate support (BPP =90) | Strong support (BPP = 96) for
for inclusion of L. compressa, | inclusion of L. compressa, L.
L. subviridis and L. decorata | subviridis and L. decorata in
in Alasmidonta Alasmidonta

Closest sister taxon Low support (BPP = Unresolved Moderate support (BPP =85) | Moderate support (BPP = 78)

for L. compressa

Members of clade

L. subviridis and L.
compressa (BPP = 100)

L. subviridis and

L. compressa

(BPP = 100)

L. subviridis and L.
compressa (BPP =100)

L. subviridis and L. compressa
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Monophyly of other
Anodontine taxa in tree

(e.g., Alasmidonta)

Polyphyletic- 1 deeply
divergent clade

2 distant taxa (4.
heterodon, A. viridis)

from main Alasmidonta

group

Unresolved

Polyphyletic- 1 deeply
divergent clade (BPP = 1)
Strong support (BPP = 99) for
inclusion of A. heterodon
with L. compressa, L.
subviridis and L. decorata
Strong support (BPP = 99) for
highly divergent A. viridis
species from main

Alasmidonta group

Polyphyletic- 1 deeply
divergent clade (BPP = 1)
Strong support (BPP = 97) for
inclusion of 4. heterodon with
L. compressa, L. subviridis
and L. decorate

Weak support (BPP = 59) for
highly divergent A. viridis

species
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Figure 1. Distribution of Lasmigona decorata COI haplotypes among river basins.

Haplotype two is unique to the Pee Dee Basin. Haplotypes one and three are present in all

three basins.
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Figure 2. Distribution of the three observed Lasmigona decorata haplotypes within sub-
basins among populations. Haplotype two is unique to the Goose/Duck creek (Pee Dee
Basin) population. The Stevens Creek and Lynches River populations share haplotypes one

and three.
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Figure 3. Bayesian analysis of COI dataset. Values on node represent bootstrap support. Scale bar indicates nucleotide
substitutions per site. Red clades indicate polyphyletic and paraphyletic Lasmigona species. Green clades indicate monophyletic
and polyphyletic Alasmidonta species. Genera included in analysis are Amblema, Quadrula, Lasmigona, Alasmidonta, Pyganodon,

Simpsonaias, Anodonta, Utterbackia, Strophitus, Anodontoides and Margaritifera.

1 A. plicata

0.71 ) A. plicata

' Q. quadrula
compressa
decorata
subviridis
. heterodon
. marginata
. raveneliana
. triangulata
undulata
. varicosa
grandis
cataracta
holstonia
efowaensis
. ambigua
. Implicata
costata
complanata
alabamensis
. Imbecillis
undulatus
radiatus
vitidis
. ferussacianus
. denigrata
. cygnea
M. margaritifera

0.69

|

05 N NN Y7 Yl al b NPl v v 5 5 N5 S Nl o

0.93

s

il

0.55

0.52

0.68

0.82 1

-

| Hﬁ

0.79 1

0.98

0.99

62



Figure 4. Bayesian analysis of NDI dataset. Values on node represent bootstrap support. Scale bar indicates nucleotide
substitutions per site. Red clades indicate polyphyletic and paraphyletic Lasmigona species. Genera included in the analysis are

Strophitus, Anodontoides, Lasmigona, Amblema, Alasmidonta, Pygandon, Utterbackia, Anodonta, Quadrula and Margaritifera.
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Figure 5. Bayesian analysis of concatenated COI and NDI dataset. Values on node represent bootstrap support. Scale bar indicates
nucleotide substitutions per site. Red clades indicate polyphyletic and paraphyletic Lasmigona species. Green clades indicate
monophyletic and polyphyletic Alasmidonta species. Genera included in analysis are Lasmigona, Alasmidonta, Amblema,

Quadrula, Pyganodon, Simpsonaias, Anodonta, Anodontoides, Utterbackia, Strophitus and Margaritifera.
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Figure 6. Bayesian analysis of concatenated 28s, COI and NDI dataset. Values on node represent bootstrap support. Scale bar
indicates nucleotide substitutions per site. Red clades indicate polyphyletic and paraphyletic Lasmigona species. Green clades
indicate monophyletic and polyphyletic Alasmidonta species. Genera included in analysis are Amblema, Quadrula, Lasmigona,

Alasmidonta, Pyganodon, Simpsonaias, Anodonta, Anodontoides, Strophitus, Utterbackia and Margaritifera.
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Figure 7. Minimum spanning haplotype network of COI dataset for Lasmigona taxa. Circles
represent haplotypes. Size of circles indicates how many individuals are represented in that
haplotype. One dash indicates a one nucleotide difference. M= number of mutations

separating taxa.
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Figure 8. Minimum spanning haplotype network of NDI dataset for Lasmigona taxa. Circles
represent haplotypes. Size of circles indicate how many individuals are represented in that
haplotype. One dash indicates a one nucleotide difference. M= number of mutations

separating taxa.
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