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Integrative taxonomy reveals a new species of freshwater mussel,
Potamilus streckersoni sp. nov. (Bivalvia: Unionidae): implications for
conservation and management
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Inaccurate systematics confound our ability to determine evolutionary processes that have led to the diversification of
many taxa. The North American freshwater mussel tribe Lampsilini is one of the better-studied groups in Unionidae,
however, many supraspecific relationships between lampsiline genera remain unresolved. Two genera previously
hypothesized to be non-monophyletic that have been largely overlooked are Leptodea and Potamilus. We set out to
resolve supraspecific relationships in Lampsilini and test the monophyly of Leptodea and Potamilus by integrating
molecular, morphological, and life history data. Our molecular matrix consisted of four loci: cytochrome c oxidase
subunit 1 (CO1), NADH dehydrogenase subunit 1 (ND1), internal transcribed spacer 1 (ITS1), and 28S ribosomal RNA.
Secondly, we performed both traditional and Fourier shape morphometric analyses to evaluate morphological differences
and finally, we compared our results with available life history data. Molecular data supported the paraphyly of both
Leptodea and Potamilus, but nodal support was insufficient to make any conclusions regarding generic-level assignments
at this time. In contrast, inference from our integrative taxonomic assessment depicts significant support for the
recognition of a new species, Potamilus streckersoni sp. nov., the Brazos Heelsplitter. Our data show clear separation of
three taxonomic entities in the P. ohiensis species complex: P. amphichaenus, P. ohiensis, and P. streckersoni sp. nov.;
all molecularly, geographically, and morphologically diagnosable. Our findings have profound implications for unionid
taxonomy and will aid stakeholders in establishing effective conservation and management strategies.

http://www.zoobank.org/urn:1sid:zoobank.org:pub:502647C0-418B-4CC4-85A8-BD8IFC3F674F
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Introduction recognized species (Graf & Cummings, 2007; Lopes-
Lima et al., 2018). The unique life cycle of unionids,
which involves parasitic larvae (glochidia) that must
attach to vertebrate hosts prior to becoming sessile adults,
has likely contributed significantly to the rampant diversi-
fication of this group (e.g., Barnhart, Haag, & Roston,
2008). This complex life cycle creates a unique co-evolu-
tionary system, as freshwater mussels continually adapt
to successfully infect their hosts.

Taxonomy in Unionidae has been particularly
unstable and recent studies using molecular data have
revealed cases of convergent evolution, cryptic diversity,
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Inaccurate systematics continue to be a fundamental
problem that confounds our ability to determine evolu-
tionary processes that lead to the diversification of taxa
(Johnson et al., 2018; Perkins, Johnson, & Gangloff,
2017; Pfeiffer, Johnson, Randklev, Howells, &
Williams, 2016; Satler, Carstens, & Hedin, 2013; Smith,
Johnson, Pfeiffer, & Gangloff, 2018). Unionid bivalves
(Bivalvia: Unionidae) represent the most species-rich
taxonomic group in the order Unionida, with over 650
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Christian, 2013; Johnson et al.,, 2018; Perkins et al.,
2017; Pfeiffer et al., 2016; Smith et al., 2018; Williams
et al,, 2017). The freshwater mussel tribe Lampsilini
Thering, 1901 exhibits a wide diversity of host infection
strategies unique to the Unionidae (Barnhart et al., 2008;
Graf, 2013; Zanatta & Murphy, 2006) and has been the
subject of many taxonomic studies. These previous stud-
ies primarily focused on the species-rich genus Lampsilis
Rafinesque, 1820 and supraspecific relationships between
many lampsiline genera remain unresolved. Two genera
that have been largely overlooked are Leprodea
Rafinesque, 1820 and Potamilus Rafinesque, 1818 which
consist of 10 species endemic to the USA and Canada
including several imperilled taxa (Williams et al., 2017).
Leptodea and Potamilus have been considered closely
related due to similar adult morphology, larval hosts, and
habitat preference (Barnhart et al., 2008; Haag, 2012;
Hoggarth, 1999; Sietman, Hove, & Davis, 2018); how-
ever, Leptodea and Potamilus have been classified as dis-
tinct genera based on differing glochidial morphologies
(Barnhart et al., 2008; Hoggarth, 1999; Watters,
Hoggarth, & Stansbery, 2009; Williams et al., 2017).
Considering the strong selective pressures against parasit-
ism, glochidial morphology is thought to be highly con-
served and considered one of the most useful
morphological characters in reconstructing the evolution-
ary history of freshwater mussels (Barnhart et al., 2008;
Graf & Cummings, 2006; Haag, 2012; Hoggarth, 1999;
Hoggarth & Gaunt, 1988; Williams, Butler, Warren, &
Johnson, 2014). However, a previous phylogenetic assess-
ment showed polyphyly of Leptodea and Potamilus, indi-
cating that glochidial morphology may not be diagnostic
for the two genera (Roe & Lydeard, 1998).

Concomitant to questionable monophyly at the gen-
eric-level, species in the genus Potamilus depict disjunct
distributional patterns and high levels of intraspecific
variation in shell morphology. For instance, P. ohiensis
(Rafinesque, 1820) occurs throughout much of the
Mississippi River Basin including the Red, Sulphur, and
Cypress rivers in northern Texas, as well as a disjunct
population in the Brazos River drainage in Texas
(Howells, Neck, & Murray, 1996; Williams, Bogan, &
Garner, 2008). This biogeographic pattern is unique
within freshwater mussels, as no other unionid species is
distributed only in the Mississippi and Brazos River
drainages (Haag, 2009; Howells et al, 1996).
Furthermore, shell morphology of P. ohiensis individuals
from the Brazos River resembles that of P. amphichaenus
(Frierson, 1898), a congener endemic to the Sabine,
Neches, and Trinity River drainages in eastern Texas
(Howells et al., 1996). This morphological similarity of
P. amphichaenus and P. ohiensis from the Brazos River
has led to speculation that P. ohiensis had been

introduced into the Trinity River drainage (Howells et al.,
1996). However, this hypothesis has not been validated
using molecular techniques. The possibility of a syntopic
form of P. ohiensis with P. amphichaenus is troubling,
especially considering P. amphichaenus is petitioned for
listing under the Endangered Species Act (USFWS,
2009) and a recent phylogenetic study revealed multiple
morphologically cryptic sympatric species of Fusconaia
Simpson, 1900 in the Trinity River (Pieri et al., 2018).

Previous studies evaluating phylogenetic relationships
between Leptodea and Potamilus implemented a single
locus coupled with limited sample sizes and incomplete
taxon sampling (Roe & Lydeard, 1998). Although phylo-
genetic reconstruction based on a single locus has been
conducted in recent freshwater mussels studies (Inoue
et al., 2018), this methodology has been criticized due to
the significant increase in accuracy when analysing loci
from both nuclear and mitochondrial genomes (Fujita,
Leaché, Burbrink, McGuire, & Moritz, 2012; Yang &
Rannala, 2010; Zhang, Zhang, Zhu, & Yang, 2011).
Phylogenetic inference from limited sampling has also
been well-documented to greatly increase phylogenetic
estimation error (Hillis, Pollock, McGuire, & Zwickl,
2003; Pollock, Zwickl, McGuire, & Hillis, 2002; Zwickl &
Hillis, 2002); thus, proper sampling should be implemented
before taxonomic recommendations are warranted. In this
study, we present a robust multi-locus approach based on
extensive taxonomic sampling to investigate supraspecific
relationships between the genera Lepfodea and Potamilus.
We also investigate species-level diversity in Potamilus
and implement an integrative taxonomic approach to
resolve species boundaries and distributional patterns in the
P. ohiensis species complex (P. amphichaenus, P. ohiensis
from the Brazos River, and P. ohiensis from the
Mississippi River Basin). We collect and analyse multiple
independent lines of evidence, all of which support the rec-
ognition of three evolutionarily divergent groups within the
P. ohiensis species complex: P. amphichaenus (Sabine,
Neches, and Trinity rivers), P. ohiensis (Mississippi River
Basin), and P. ohiensis endemic to the Brazos River.
Below we present significant molecular, morphological,
and biogeographic evidence that species-level diversity in
this group was previously underestimated and we formally
describe Potamilus streckersoni sp. nov., which is endemic
to the Brazos River drainage in Texas.

Materials and methods
Taxon sampling and molecular
data generation

To test the phylogenetic placement of Lepfodea and
Potamilus, we sampled material for North American
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genera in the tribes Lampsilini, Amblemini Rafinesque,
1820, and additional material from Ambleminae incertae
sedis (Williams et al., 2017). We focused our sampling
on type species of each genus and type locality (Table
S1, see online supplemental material, which is available
from the article’s Taylor & Francis Online page at
http://dx.doi.org/10.1080/14772000.2019.1607615). We
selected Quadrula quadrula (Rafinesque, 1820) to root
our phylogeny following findings of tribe relationships
in a previous study (Lopes-Lima et al., 2017). We
sequenced two mitochondrial genes and two nuclear
loci: a partial portion of cytochrome c oxidase subunit 1
(CO1), NADH dehydrogenase subunit 1 (NDI1), the
nuclear-encoded ribosomal internal transcribed spacer 1
(ITS1), and a portion of the large ribosomal subunit
28S. Mantle tissue samples were taken for DNA extrac-
tion either directly after specimens were euthanized or
from samples preserved in 95% ethanol. Genomic DNA
was extracted using the PureGene DNA extraction kit
with the standard extraction protocol (Gentra Systems,
Inc., Minneapolis, MN, USA). Primers used for
polymerase chain reaction (PCR) and sequencing were:
CO1 5-GTTCCACAAATCATAAGGATATTGG-3'
and  5-TACACCTCAGGGTGACCAAAAAACCA-3'
(Campbell et al., 2005); ND1 5-TGGCAGAAAA
GTGCATCAGATTAAAGC-3' and 5-CCTGCTTGGA
AGGCAAGTGTACT-3' (Serb, Buhay, & Lydeard,
2003); ITS1 5-AAAAAGCTTCCGTAGGTGAACCT
GCG-3' and 5-AGCTTGCTGCGTTCTTCATCG-3’
(King, Eackles, Gijetvaj, & Hoeh, 1999); 28S 5'-
GGGACTACCCCCTGAATTTAAGCAT-3' and 5'-CCA
GCTATCCTGAGGGAAACTTCG-3' (Park & Foighil,
2000). Thermal cycling conditions for COl followed
Johnson et al. (2018), while all other conditions are
given in King et al. (1999), Park & Foighil (2000), and
Serb et al. (2003). PCR plate amplifications were con-
ducted using a 12.5 pl mixture of the following: molecu-
lar grade water (4.25pul), MyTaq™ Red Mix (6.25 ul)
(Bioline), primers (0.5pul each), and DNA template
(50ng). PCR products were sent to the Molecular
Cloning Laboratories (MCLAB, South San Francisco,
CA, USA) for bi-directional sequencing on an ABI
3730. All ITS1 sequences were readable without clon-
ing, similar to recent studies in unionids (Johnson et al.,
2018; Pfeiffer et al., 2016; Pieri et al., 2018; Smith
et al., 2018). Geneious v 10.2.3 was used to assemble
contigs and edit chromatograms (Kearse et al., 2012)
and sequences were aligned in Mesquite v 3.31
(Maddison & Maddison, 2017) using MAFFT v 7.311
(Katoh & Standley, 2013). The protein-coding genes
(CO1 and ND1) were aligned using the L-INS-i method
in MAFFT and translated into amino acids to ensure
absence of stop codons and gaps. The ITS1 and 28S

sequences were aligned using the E-INS-i method in
MAFFT to better account for indels.

Phylogenetic reconstruction

We created a 4-locus concatenated dataset of COI,
NDI1, ITS1, and 28S to estimate a phylogeny of
Lampsilini using both Maximum likelihood (ML) and
Bayesian inference (BI). Before phylogenetic inference
was performed, we tested for nucleotide saturation in
the three codon positions for protein-coding mitochon-
drial markers (i.e., CO1 and ND1) using the Xia test in
Dambe v 7.0.35 (Xia, 2018; Xia, Xie, Salemi, Chen, &
Wang, 2003). ML and BI analyses were subsequently
performed in IQ-TREE v 1.6.6 (Chernomor, von
Haeseler, & Minh, 2016; Nguyen, Schmidt, von
Haeseler, & Minh, 2015) and MrBayes v 3.2.6
(Ronquist et al, 2012), respectively. We used
ModelFinder (Kalyaanamoorthy, Minh, Wong, von
Haeseler, & Jermiin, 2017) to select appropriate parti-
tions and substitution models before conducting 10 inde-
pendent IQ-TREE runs of an initial tree search and
10,000 ultrafast bootstrap replicates (BS) for nodal sup-
port (Hoang, Chernomor, von Haeseler, Quang Minh, &
Sy Vinh, 2018). Partitions and substitution models avail-
able for use in MrBayes were determined by
PartitionFinder v 2.1.1 (Lanfear, Frandsen, Wright,
Senfeld, & Calcott, 2016) using BIC. MrBayes analyses
executed 2 runs of 4 chains each for 10’ MCMC gener-
ations sampling every 1,000 trees. Log likelihood scores
for each sampling point were analysed using Tracer v
1.7.1 (Rambaut, Drummond, Xie, Baele, & Suchard,
2018) to determine an appropriate burn-in value. Chains
were considered stationary when the log likelihood val-
ues reached a plateau. Convergence of the two inde-
pendent runs was monitored using the Potential Scale
Reduction Factor (PSRF) of each parameter and the
average standard deviation of split frequencies. Strongly
supported nodes were represented by BS and PP values
greater than 95.

To test for significant differences between BI and ML
reconstructions, we implemented an Approximately
Unbiased (AU) Test (Shimodaira, 2002) in IQ-TREE
using 10,000 RELL replicates (Kishino, Miyata, &
Hasegawa, 1990). We chose to implement an AU test in
IQ-TREE rather than CONSEL (Shimodaira &
Hasegawa, 2001) as it is more appropriate for parti-
tioned analyses considering CONSEL is not partition-
aware. Considering trees generated with IQ-TREE and
MrBayes are not directly comparable as they were
inferred with different models, Mesquite was used to
move branches in the ML phylogenetic construction to
match the topology resolved by MrBayes for the AU


http://dx.doi.org/10.1080/14772000.2019.1607615

4 C. H. Smith et al.

test. A significance level of a=0.05 was assumed when
assessing the statistical significance between topologies.

Genetic diversity and

phylogeographic analyses

To get estimates of genetic diversity, we used DnaSP v
6.12.0 (Rozas et al., 2017) to estimate unique haplotypes
(h), haplotype diversity (Hd), mean number of nucleo-
tide differences (k) and mean nucleotide diversity (m) at
CO1 and NDI1 independently for five groups in the P.
ohiensis species complex: P. ohiensis, P. streckersoni
sp. nov., and three geographic groupings for P. amphi-
chaenus (Sabine, Neches, and Trinity drainages). DNA
sequence divergence was calculated within and between
groups using uncorrected pairwise genetic distances in
MEGA7 (Kumar, Stecher, & Tamura, 2016) for COl
and NDI1 independently. Model-based distances have
been shown to inflate genetic distance values (Collins &
Cruickshank, 2013; Lefébure, Douady, Gouy, & Gibert,
2006; Ratnasingham & Hebert, 2013); therefore, we
chose to use uncorrected p-distances to remove biases
from nucleotide substitution model assumptions. Partial
deletion was used to handle missing data in MEGA7
calculations. To further compare genetic divergence
between P. amphichaenus and P. streckersoni sp. nov.,
we created histograms of intraspecific and interspecific
distance values in the R package ggplot2 (Wickham,
2016). To visualize genetic structuring with respect to
geographic distribution, we generated TCS haplotype
networks (Clement, Posada, & Crandall, 2000) from
CO1 and NDI independently using PopART 1.7 (Leigh
& Bryant, 2015) for groups in the P. ohiensis species
complex. Missing data were handled using complete
deletion, as PopArt does not support partial deletion.

Species delimitation analyses

We implemented the coalescent species delimitation mod-
els STACEY v 124 (Jones, 2017) and *BEAST2
(Ogilvie, Bouckaert, & Drummond, 2017) in BEAST v
2.4.8 (Bouckaert et al., 2014) on a concatenated align-
ment of COl and NDI1 for all individuals representing
P. amphichaenus, P. ohiensis, and P. streckersoni sp.
nov. Partitions and substitutions models for the STACEY
analysis were re-evaluated using PartitionFinder (Lanfear
et al., 2016) similar to phylogenetic analyses, except
allowing for all possible nucleotide evolution models.
STACEY infers species boundaries without a priori spe-
cies designations; therefore, we allowed the model to
consider all individuals as minimum clusters and freely
assign individuals to appropriate clusters. A strict molecu-
lar clock was set at 1.0 for the 1st position of CO1 and

remaining partitions were estimated by STACEY. Our
STACEY analyses consisted of 8 independent runs
executing 10® generations and logged every 5,000 trees
with an initial 10% burn-in. We used LogCombiner v
2.4.8 (Bouckaert et al., 2014) to combine trace logs
and species trees from individual runs. We used Tracer
to evaluate the combined trace log to ensure conver-
gence of all parameters (ESS > 200). The most likely
number of species clusters was calculated by
SpeciesDelimitationAnalyser (SpeciesDA) v 1.8.0
(Jones, 2017) using the combined species trees from
the 8 individual STACEY runs (144,000 trees).
SpeciesDA implemented a collapse height of 0.0001
and a 1.0 simcutoff.

For *BEAST2 analyses, we allowed the most likely
species clusters recovered by STACEY to guide our
species models. Three species models were implemented
to test the log likelihood of clustering scenarios: 1 — P.
amphichaenus from the Sabine and Neches rivers,
P. amphichaenus from the Trinity River, P. ohiensis,
and P. streckersoni sp. nov.; 2 — P. amphichaenus,
P. ohiensis, and P. streckersoni sp. nov.; and 3 —
P. amphichaenus from the Sabine and Trinity rivers,
P. amphichaenus from the Neches River, P. ohiensis,
and P. streckersoni sp. nov. We used the partitions and
substitution models appropriate for the STACEY ana-
lysis in *BEAST2 analyses, except the substitution
model for NDI 1st codon position (K81/TPM1 not
available for *BEAST2) which was re-evaluated.
*BEAST2 analyses executed 1.5 x 107 generations log-
ging every 5,000 trees to reconstruct a species tree for
each scenario. As in the STACEY analyses, a strict
molecular clock was set at 1.0 for the 1st position of
COl and remaining partitions were estimated by
*BEAST2. The population model was set to linear with
a constant root and the Yule model was the species tree
prior. The marginal likelihood of each model was esti-
mated using a path sampling executing 100 path steps
with a chain length of 1.5x 10° and a 25% burn-in
(Baele, Li, Drummond, Suchard, & Lemey, 2012;
Lartillot & Philippe, 2006). Bayes factors delimitation
(BFD) was used to reject species models, using twice
the difference of -/n likelihood (2/nBF) and 2/nBF > 10
depicting significant support (Grummer, Bryson, &
Reeder, 2014; Kass & Raftery, 1995).

Morphometrics analyses

Traditional and Fourier shape morphometrics were used
to compare shell shapes within members of the P.
ohiensis species complex. Specimens were binned into
three groups: P. amphichaenus (Sabine, Neches, Trinity;
n=24), P. ohiensis (Mississippi; n=7), and
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P. streckersoni sp. nov. (Brazos; n=40; Table S2, see
supplemental material online); specimens showing obvi-
ous damage to shells were excluded. For traditional
morphometrics, we took four shell measurements: max-
imum length (anterior to posterior), height 1 (posterior
dorsal wing to ventral), height 2 (umbo to ventral), and
maximum width (right to left valve) to the nearest 0.
01 mm for all specimens using digital callipers (Fig. S1,
see supplemental material online). To characterize shell
shape, we calculated six ratios: height 1/length (elong-
ation), height 2/length (elongation), height 2/height 1
(wing height), weight/length (inflation), width/height 1
(inflation), and width/height 2 (inflation). Ratios were
normalized using an arcsine-transformation. For Fourier
shape morphometrics, we used the right valve of each
specimen and took digital photographs with a Canon
EOS7D SLR camera. The outline of the shell was
extracted for each photo by cropping the image using
Adobe Photoshop CC v2015.0.0 (Adobe System) (Fig.
S1, see supplemental material online). Using the
cropped shell image, the shell outline was described by
20 Fourier coefficients using SHAPE v 1.3 (Iwata &
Ukai, 2002).

Morphological variation within and among putative
species was described through a principal component
analysis (PCA) and canonical variate analysis (CVA).
Additionally, multivariate  analysis of variance
(MANOVA) and discriminant function analysis (DFA)
were used to determined how frequently principal com-
ponent (PC) scores correctly distinguished between
groups. Confusion matrices were calculated based on
the DFA for each morphometric analysis, where percen-
tages of correct group assignments were calculated.
Statistical analyses were performed using the software
PAST (Hammer, Harper, & Ryan, 2001) and SHAPE. A
significance level of o= 0.05 was assumed when assess-
ing the statistical significance of all tested hypotheses.

Range map

We compiled distribution data for freshwater mussel
surveys conducted in the Brazos River basin to provide
information critical for the conservation status assess-
ment of P. streckersoni sp. nov. Sources of the distribu-
tion data were as follows: Baylor University Mayborn
Museum, Fort Worth Museum of Science and History,
Texas Parks and Wildlife Department, Joseph Britton
Freshwater Mollusk Collection, Texas A&M Natural
Resources Institute, Texas Department of
Transportation,  University of Florida Museum
of Natural History, University of Michigan Museum of
Zoology, and U.S. Fish and Wildlife Service. We
assumed all historical records of P. ohiensis and

specimens misidentified as P. amphichaenus from the
Brazos River were P. streckersoni sp. nov. We used
these distribution data (Table S3, see supplemental
material online) to develop a conservation status assess-
ment map using ArcMap 10.3 (ESRI) following the
protocol produced by Georgia Department of Natural
Resources (2018) and modified approach of Johnson
et al. (2016). The spatiotemporal distribution of P.
streckersoni sp. nov. was illustrated at the Hydrological
Unit Code (HUC) 10-level and all known survey loca-
tions were included to illustrate both the presence or
absence of P. streckersoni sp. nov. from 1900-2018.

Results

Taxon sampling

Our molecular matrix consisted of 3204 nucleotides (nt)
with each taxon represented by four loci: COl (avg.
~651nt), ND1 (avg. =~ 868nt), ITS1 (647nt including
an avg. of =~ 23.2% gaps), and 28S (999 nt including an
avg. of =~ 3.6% gaps). All novel DNA sequences were
made available on GenBank (MKO036068-MK036232;
MK044901-MKO045202) and Sciencebase (https://doi.
org/10.5066/P92CV9QZ), and all accession numbers
used in this study can be found in Table S1 (see supple-
mental material online). We included representatives of
all genera in Lampsilini except for Dromus Simpson,
1900, which has been shown in previous phylogenetic
studies to be closely related to the genus Cyprogenia
Agassiz, 1852 (Campbell et al., 2005; Zanatta &
Murphy, 2006) (Table S1, see supplemental material
online). All genera were represented by the type species
except Obovaria Rafinesque, 1819. All currently recog-
nized species in Ellipsaria Rafinesque, 1820, Leptodea,
Potamilus, and Truncilla Rafinesque, 1819, were repre-
sented in phylogenetic analyses (Williams et al., 2017).
In addition to our data matrix for phylogenetic recon-
structions, we sequenced a total of 78 individuals from
the P. ohiensis species complex for COl and NDI: P.
amphichaenus (n=29), P. ohiensis (n=19), P. strecker-
soni sp. nov. (n=30; Fig. 1; Table S1, see supplemental
material online). Both CO1 and NDI alignments did not
contain indels or stop codons.

Phylogenetic reconstruction

Xia’s saturation test indicated little saturation at all
codon positions for CO1 and NDI; therefore, all codon
positions were retained in phylogenetic analyses.
Nucleotide substitution models were determined for
eight partitions by ModelFinder for IQ-TREE analyses:
CO1 1st position — TN+ F +1+ G4, CO1 2nd position
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Fig. 1. Collection localities for specimens in the Potamilus ohiensis species complex used in this study. Colours correspond to the
species in the complex: P. amphichaenus (Sabine, Neches, and Trinity River drainages), P. ohiensis (Mississippi River drainage), and

P. streckersoni sp. nov. (Brazos River drainage).

— TPM3 +F, COl1 3rd position — TVM + F+G4; NDI1
Ist position — TIM2e+14+G4, ND1 2nd position —
TIM2 +F +1+4 G4, ND1 3rd position — TIM + F+G4,
ITS1- TIM2e +1+G4, and 28S — TN+ F+1+ G4. For
BI analyses, nucleotide substitution models were deter-
mined for seven partitions by PartitionFinder: CO1 Ist
position and ND1 2nd position — HKY +1+ G, CO1
2nd position — F81 +1, CO1 3rd position — GTR + G,
ND1 Ist position — SYM +1+ G, NDI 3rd position —
GTR +G. ITS1- K80 +1+G, and 28S — HKY +1+4G.
Convergence of the two MrBayes runs was supported
by the PSRF value for each parameter equal to 1.0 and
the mean of the standard deviation of split frequencies
(0.001288). A 25% burnin was deemed appropriate for
each MrBayes run by Tracer and was implemented
before optimal log likelihood and trees were reported.
Both ML and BI topologies resolve a monophyletic
grouping of Ellipsaria, Leptodea, Potamilus, and
Truncilla (Figs 2, S2, see supplemental material online);
however, supraspecific relationships between these gen-
era were not resolved with strong nodal support.
Topologies depict four strongly supported clades (PP/BS
= 100): Ellipsaria and Truncilla; L. fragilis and L.

leptodon; P. amphichaenus, P. ohiensis, and P. strecker-
soni sp. nov.; and P. alatus, P. metnecktayi, and P. pur-
puratus. Topologies strongly support P. streckersoni sp.
nov. sister to P. amphichaenus rather than P. ohiensis,
with  significant divergence from both species.
Phylogenetic placement of L. ochracea, P. capax, and
P. inflatus were inconsistent between ML and BI analy-
ses (Figs 2, S2, see supplemental material online). To
test these inconsistencies, we implemented an AU test
but no significant difference between BI and ML topolo-
gies was recovered (o0=10.5018).

Phylogeographic analyses

Genetic diversity statistics generated by DnaSP are
reported in Table 1 for members of the P. ohiensis spe-
cies complex. High levels of genetic diversity were
depicted in P. ohiensis and the Trinity River population
of P. amphichaenus, while P. streckersoni sp. nov.
depicted excessive haplotype sharing and limited
nucleotide diversity. Mean pairwise genetic distance val-
ues for within and between groups at CO1 and NDI are
reported in Table 2. Distance values for CO1 and NDI
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Fig. 2. Bayesian inference topology reconstructed using
MrBayes on a concatenated molecular matrix (CO1, NDI,
ITS1, 28S). Values above branches represent posterior
probabilities (PP). Strongly supported nodes (i.e., PP > 95) are
indicated by asterisks.

depicted P. ohiensis largely divergent from both P.
amphichaenus and P. streckersoni sp. nov. (Table 2).
Genetic distance between P. streckersoni sp. nov. and
all populations of P. amphichaenus at COl and NDI

ranged from 1.81-2.29% and 1.59-2.15%, respectively
(Table 2). Histograms of intra- and interspecific uncor-
rected p-distance values for P. amphichaenus and P.
streckersoni sp. nov. depicted clear separation between
intraspecific variation and interspecific divergence (Figs
S3.1 & S3.2, see supplemental material online). TCS
haplotype networks also showed clear divergence at
mtDNA markers between P. amphichaenus, P. ohiensis,
and P. streckersoni sp. nov. and depicted limited diver-
gence within P. amphichaenus with respect to drainage
of capture at ND1 (Fig. 3.2). Similar to genetic diversity
statistics, haplotype networks depicted excessive haplo-
type sharing in P. streckersoni sp. nov. at both
mtDNA markers.

Species delimitation analyses

The molecular matrix used in the STACEY and
*BEAST?2 analyses was aligned to 1558 bp and included
all individuals in the P. ohiensis species complex. Five
partitions and substitution models were selected for
STACEY and *BEAST2 by PartitionFinder: CO1 Ist
position — HKY, COl and ND1 2™ position — HKY,
CO1 3™ position — HKY, NDI1 Ist position — TPMI,
and ND1 3rd position — TrN. TPMI1 is not available in
*BEAST?2; therefore, we implemented K80, the most-
appropriate substitution model available for the analysis.
Convergence of the STACEY and *BEAST2 analyses
was indicated by all ESS wvalues > 200. STACEY
resolved three species models with probabilities greater
than 5%, but not with high probabilities: Species Model
1 (27.2%) — P. amphichaenus from the Sabine and
Neches drainages, P. amphichaenus from the Trinity
drainage, P. ohiensis, and P. streckersoni sp. nov.;
Species Model 2 (21.2%) — P. amphichaenus, P. ohien-
sis, and P. streckersoni sp. nov.; and Species Model 3
(12.5%) — P. amphichaenus from the Sabine and Trinity
drainages, P. amphichaenus from the Neches drainage,
P. ohiensis, and P. streckersoni sp. nov. (Fig. 4;
Table 3). *BEAST2 analyses resolved Species Model 1
as the most likely, and 2/nBF rejected Species Model 2
but could not reject Species Model 3 (Table 3).

Morphometric analyses

For traditional morphometrics, the PCA yielded three
distinct eigenvalues that described > 99% of the total
variation among individuals, with the first two PCs
describing 90.69% of the total variation (Fig. 5). The
PCA and CVA plots showed differentiation among spe-
cies, where a small portion of the cluster of P. amphi-
chaenus overlapped with the cluster of P. streckersoni
sp. nov. (Figs 5.1 & 5.2). The MANOVA depicted that


https://dx.doi.org/10.1080/14772000.2019.1607615
https://dx.doi.org/10.1080/14772000.2019.1607615
https://dx.doi.org/10.1080/14772000.2019.1607615

8 C. H. Smith et al.

Table 1. Summary statistics for genetic diversity within Potamilus amphichaenus, Potamilus ohiensis, and Potamilus streckersoni
sp. nov., including number of unique haplotypes (h), haplotype diversity (Hd), average number of nucleotide differences (k), and
nucleotide diversity () for CO1 and ND1.

Taxa (Drainage; Sample Size) Cco1 ND1

h Hd k m h Hd k T
P. amphichaenus (Sabine; n = 2) 1 0 0 0 1 0 0 0
P. amphichaenus (Neches; n = 4) 1 0 0 0 1 0 0 0
P. amphichaenus (Trinity; n =23) 3 0.17 0.17391 0.00027 8 0.715 0.97233 0.00110
P. ohiensis (Mississippi; n = 19) 5 0.591 0.86550 0.00166 5 0.462 0.70175 0.00084
P. streckersoni sp. nov. (Brazos; n = 30) 2 0.239 0.23908 0.00043 2 0.067 0.06667 0.00008

Table 2. Mean intra- and interspecific genetic uncorrected p-distance values for Potamilus amphichaenus, Potamilus ohiensis, and
Potamilus streckersoni sp. nov. CO1 values are represented in the lower triangle and ND1 in the upper triangle.

Taxa Within Group Within Group

(Drainage; Sample Size) 1 2 3 4 5 CO1 ND1

1. P. amphichaenus 0.11 0.50 7.33 1.88 0 0
(Sabine; n =2) (N/A) (0.44-0.67) (7.09-7.52) (1.78-1.91)

2. P. amphichaenus 0.16 0.40 7.17 1.74 0 0
(Neches; n =4) (0.15-0.16) (0.33-0.57) (6.83-7.40) (1.59-1.79)

3. P. amphichaenus 0.02 0.17 7.12 1.93 0.03 0.11
(Trinity; n =23) (0-0.16) (0.15-0.32) (6.78-7.52)  (1.69-2.15) (0-0.30) (0-0.34)

4. P. ohiensis 5.08 4.87 5.04 7.34 0.13 0.09
(Mississippi; n =19) (4.83-5.33)  (4.65-5.07) (4.83-5.37) (6.84-7.52) (0-0.61) (0-0.48)

5. P. streckersoni sp. nov. 2.03 1.87 2.02 4.10 0.04 0.01

(Brazos; n = 30) (1.98-2.18) (1.81-2.06) (1.98-2.29) (3.81-4.41) (0-0.18) (0-0.12)

shell morphologies were significantly different among
species (Wilk’s A = 0.1298; F5,126 = 18.65; p <0.001;
Table 4). On average, the DFA assigned 85.9% of indi-
viduals to the correct group (Table 4).

For Fourier shape morphometrics, the PCA yielded
six distinct eigenvalues and described >90% of the total
variation among individuals (Fig. 5). The PCA and
CVA plots showed similar clustering patterns to the
traditional morphometrics (Figs 5.3 & 5.4), with diver-
gence between species and limited overlap between P.
amphichaenus and P. streckersoni sp. mnov. The
MANOVA depicted significant differences in shell mor-
phologies between species (Wilk’s A = 0.1756; F5.126
= 14.56; p<0.001; Table 4). Fourier morphometrics
had a slightly better assignment rate, with 90.1% of
individuals assigned to the correct group (Table 4).

Range map. During our searches of museum records
and available field observations, we located collection
information for 2,049 freshwater mussel surveys con-
ducted from 1900-2018 in the Brazos River basin.
Shells (fresh dead or recently dead) or live individuals
of P. streckersoni sp. nov. were reported during 213 sur-
veys conducted from 1934-2018 (Table S3, see supple-
mental material online), including a total of 231 live
individuals. Potamilus streckersoni sp. nov. records
were distributed across 27 HUC units in the Brazos
River basin (Fig. 6). The status of the species in each

HUC unit was categorized as follows: 13 HUCs with
shell only; 3 with historical records (prior to 1995); 2
with recent records (1995-2010); and 9 with current
records (2011 to present).

Taxonomic accounts

Potamilus streckersoni sp. nov.
Brazos Heelsplitter

Holotype: UF439497, length 128 mm, Brazos River
upstream  of FM 485 bridge (30.86586°N,
—96.69575°W), Milam/Robertson Counties, TX, 10
Nov. 2017 (Fig. 7).

Paratypes: UF439478, 4 wet specimens, length
93-117 mm, Brazos River upstream of FM 485 bridge
(30.86586°N, —96.69575°W), Milam/Robertson
Counties, TX, 10 Nov. 2017.

UF441294, 4 wet specimens, length 76-105mm,
Brazos River about 1mile downstream of FM1093,
about 2.7 miles ENE of Wallis, TX (29.650845°N,
—96.026521°W), Austin/Fort Bend Counties, TX, 24
Oct. 2012.

Etymology: The specific epithet streckersoni is in hon-
our of John K. Strecker and Lorraine L. Frierson. John
K. Strecker, former curator of the Baylor University
Museum (Waco, TX, USA), authored one of the first
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Fig. 3. Haplotype networks based on CO1 (3.1) and ND1 (3.2) from individuals in the Potamilus ohiensis species complex. Each
circle represents a unique haplotype with size relative to the number of individuals with each haplotype. Black circles represent
unsampled haplotypes and individual tick marks or numbers indicate nucleotide substitutions between haplotypes.

publications regarding distribution and biodiversity of
Texas unionids (Strecker, 1931), which provided the
foundation for freshwater mussel conservation in Texas.
He had a strong relationship with esteemed malacologist
Mr Lorraine L. Frierson, who corresponded nearly
20years with Mr Strecker regarding mussel taxonomy
and identification. Between Strecker and Frierson, 2,277
unionid specimens were collected and donated to the
Mayborn Museum at Baylor University.

Diagnosis: Potamilus streckersoni sp. nov. is signifi-
cantly different from P. ohiensis using both molecular
and morphological characters (Figs 3, 4 & 5; Tables 2
& 4). Of the 30 P. streckersoni sp. nov. and 19
P. ohiensis individuals we examined, the two taxa were
diagnosable at 25 of 658 sites examined at COl and 66
of 900 sites examined at ND1. Potamilus streckersoni
sp. nov. is also morphologically divergent, with individ-
uals more elongate and less alate than specimens of
P. ohiensis (Fig. 5; Table 4); however, future work eval-
uating additional material from throughout the range of
P. ohiensis is encouraged to better assess the wide range
of morphological variation in this species.

Potamilus streckersoni sp. nov. can be diagnosed from
other similar sympatric freshwater mussels in the Brazos
River using conchological characters including periostra-
cum colour, lack of sculpturing, reduced umbo, and
absence or weak posterior ridge. Potamilus streckersoni sp.
nov. may be confused with Cyrtonaias tampicoensis (Lea,
1838) or P. purpuratus; however, P. streckersoni sp. nov.
is generally more elongate than both species. The pseudo-
cardinal teeth of P. streckersoni sp. nov. are less developed
and only one tooth is present in the left valve, while C.
tampicoensis and P. purpuratus have two well-developed
pseudocardinal teeth in the left valve. Potamilus strecker-
soni sp. nov. may also be confused with L. fragilis. Larger
specimens of P. streckersoni sp. nov. are typically less
elongate than similar sized L. fragilis, and the dark brown
periostracum is easily distinguishable from the horn yellow
periostracum of L. fragilis. In smaller individuals where
periostracum colour may not be diagnostic, P. streckersoni
sp. nov. can be distinguished from L. fragilis by presence
of an anterior dorsal wing, which is absent in L. fragilis.

Description: Maximum shell length to 144mm
(JBFMC26.1). Shell thin to moderately thick and
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Species Species  Species
Model1 Model2 Model 3
P itus ohiensis (Mississippi)
Potamilus sireckersoni sp. nov. (Brazos) 5 1 \_I_’
P il iphiich (Trinity)
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— 1
— 2 7
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Fig. 4. Inference from coalescent-based species delimitation models. The phylogeny represents the topology resolved by STACEY
with posterior probabilities (PP) presented above nodes for each clade of interest. Each line represents an individual sampled and
colours correspond to species and drainage of capture. Species models implemented in *BEAST2 are shown to the right, along with
photographs of Potamilus amphichaenus, Potamilus ohiensis, and Potamilus streckersoni sp. nov.

Table 3. Species models implemented in *BEAST2 following results from most likely species clusters in STACEY

analyses. Values in bold font represent Bayes factors that are significantly worse than the best model.

Species Model STACEY Probability *BEAST2 In 2InBF Reject
1 27.2% —2898.01 - -

2 21.2% —2915.19 34.37 Yes
3 12.5% —2899.09 2.17 No

compressed. General outline of the shell is oval; how-
ever, may be triangular in smaller individuals when pos-
terior dorsal wing has not been eroded or broken;
posterior and anterior margins rounded. Dorsal margin
with weak wing posterior to umbo, which is typically
more prominent in smaller individuals. Small triangular
dorsal wing anterior to umbo in smaller specimens, usu-
ally eroded away in larger individuals. Ventral margin
straight to convex, posterior ridge absent or very low,
posterior slope flattened to slightly concave, merging
with the posterior dorsal wing. Umbo low, broad, and
barely extends above the hinge line, with limited sculp-
turing. Periostracum shiny, greenish to yellowish in
smaller specimens, becoming chestnut brown in larger
individuals. Pseudocardinal teeth compressed and deli-
cate, one in each valve with an accessory denticle

usually present in right valve. Lateral teeth moderately
long, slightly curved, two in left valve and one in right.
Interdentum moderately long, narrow; umbo cavity wide
but shallow. Nacre deep pink or purple.

Distribution: Potamilus streckersoni sp. mnov. is
endemic to the Brazos River drainage in Texas.
Historical records indicate P. streckersoni sp. nov.
occurred throughout the mainstem Brazos River and
most of its tributaries. Recent survey efforts, however,
depict that it is likely extirpated from much of its histor-
ical range (Fig. 6). Two isolated populations may still
be extant north of current impoundments coinciding
with river segments between Lake Granbury and Lake
Whitney, and north of Possum Kingdom Reservoir.

Remarks: The systematic placement of P. streckersoni
sp. nov. suggests this species is a host fish specialist,
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Fig. 5. Scatter plots from principal component analysis (PCA) and canonical variate analysis (CVA) of traditional (5.1, 5.2) and
Fourier (5.3, 5.4) morphometrics. Colours and shapes of points correspond to putative species (green = Potamilus amphichaenus,
blue = Potamilus ohiensis, orange = Potamilus streckersoni sp. nov.). Polygons enclose convex hulls of each species. Biplots of
variables from traditional morphometrics (5.1) are shown in arrows. Outlined shell shapes from Fourier morphometrics (5.3)
represent a mean shape (top-right) and £2 x SD on PC1 and PC2 axes.

with glochidia that complete metamorphosis on 4. grun-
niens. Additionally, Potamilus streckersoni sp. nov. is
likely a long-term brooder and gravid females have
been collected in May (UF439481), October
(UF441294), and November (UF439478). Future
research focused on characterizing host fish use and

brooding characteristics is needed to confirm
these hypotheses.

Dams and other features in the Brazos River basin
likely limit dispersal of P. streckersoni sp. nov. and
some populations may represent evolutionarily signifi-

cant units (ESUs) or management units (MUs) (see
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Table 4. Significance values (p) for pairwise comparisons of morphometric analyses with traditional morphometric
values represented in the lower triangle and Fourier shape morphometrics represented in the upper triangle, along
with the percentage of individuals binned accurately by discriminant function analyses (DFA) for traditional and

Fourier shape morphometrics.

Taxa 1 2 3 Traditional DFA Fourier DFA
1. P. amphichaenus 2.08E-08 1.71E-09 83.3% 87.5%
2. P. ohiensis 4.73E-09 9.15E-08 71% 85.7%
3. P. streckersoni sp. nov. 3.00E-07 4.29E-12 90.0% 92.5%

Moritz 1994). Additional mussel surveys coupled with
an evaluation of population genetic structure using fine-
scale genomic markers (e.g., microsatellites, GBS, etc.)
would be essential for delineating populations as ESUs
or MUs and may help direct future conservation and
management efforts.

Discussion

Supraspecific relationships in Lampsilini

Our data supports that evolutionary relationships in
Lampsilini have largely been shaped by life history
characters, as we see a strong correlation between host
fish use, host infection strategies, and phylogenetic
placement. More specifically, our analyses resolved a
monophyletic group consisting of Ellipsaria, Leptodea,
Potamilus, and Truncilla. In general, these four genera
are linked by two synapomorphic characters unique to
Lampsilini: being host specialists, with glochidia only
transforming on freshwater drum, Aplodinotus grunniens
Rafinesque, 1819; and the growth of glochidia during
encapsulation (i.e., while attached to host) (Barnhart
et al., 2008; Roe, Simons, & Hartfield, 1997; Sietman
et al, 2018; Williams et al., 2008). Despite strong
behavioural and morphological characters supporting the
monophyly of this group, BI and ML reconstructions
depict incongruence regarding relationships between
species in these genera, primarily regarding the place-
ment of species in Leptodea and Potamilus (Figs 2 &
S2, see supplemental material online). More specifically,
the phylogenetic placement of L. ochracea, P. capax,
and P. inflatus is incongruent between the BI and ML
phylogenies. The generic placement of L. ochracea has
been questioned due to significant morphological diver-
gence from remaining species of Leptodea (Davis &
Fuller, 1981; Johnson, 1970; Smith, 2000; Stiven &
Alderman, 1992). Furthermore, the use of A. grunniens
as a host is not possible considering their ranges do not
overlap (Johnson, 1970; Page & Burr, 2011). In the BI
topology, L. ochracea was resolved sister to Ellipsaria
and Truncilla with relatively low posterior support,
while ML resolved L. ochracea sister to Potamilus and
the remaining species in Leptodea. We see similar pat-
terns of incongruence in Potamilus, with P. inflatus

resolved basal to a monophyletic clade of L. fragilis, L.
leptodon, and remaining members of Potamilus, while
P. capax is resolved sister to a monophyletic clade com-
prised of L. fragilis and L. leptodon in our ML recon-
struction. However, the position of two species switch
in BI topologies with P. capax resolved basal and P.
inflatus resolved sister to L. fragilis and L. leptodon. To
test these incongruences, we implemented an AU test
and results indicated no significant differences between
BI and ML reconstructions (p=0.4831), likely due to
weak nodal support (i.e., BS/PP) for phylogenetic rela-
tionships between Leptodea and Potamilus species.

Our study represents the first robust phylogenetic
evaluation of Leptodea and Potamilus with comprehen-
sive taxon sampling and evaluation of both mtDNA and
nDNA loci. Despite employing multiple independently
evolving markers used in recent freshwater mussel
phylogenetic studies (Johnson et al., 2018; Lopes-Lima
et al, 2017; Perkins et al., 2017, Pfeiffer, Sharpe,
Johnson, Emery, & Page, 2018; Pfeiffer et al., 2016;
Pieri et al., 2018; Smith et al., 2018), we could not
resolve topologies that strongly support phylogenetic
relationships  between Leptodea and  Potamilus.
Therefore, we take a precautionary approach by not
making any conclusions regarding generic-level assign-
ments at this time. However, our evaluation and com-
prehensive taxon sampling provides a baseline for future
hypotheses regarding phylogenetic relationships of
lampsiline genera. We believe that future investigations
focusing on glochidial morphology and next-generation
sequencing technologies targeting conserved but phylo-
genetically informative loci (Faircloth et al.,, 2012;
Lemmon, Emme, & Lemmon, 2012) will be necessary
to elucidate supra-specific relationships and move for-
ward with any generic-level taxonomic revisions.

Species boundaries in the Potamilus ohiensis
species complex

Based on previous taxonomic accounts, P. ohiensis is
assumed to occur in the Mississippi River drainage with
disjunct populations in the Brazos River (Howells et al.,
1996). This distributional pattern is thought to be a
result of historical stream capture events, as seen in
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Fig. 7. Potamilus streckersoni sp. nov. holotype (UF439497).

other freshwater fish and mussel species (Haag, Warren,
Wright, & Shaffer, 2002; Hubbs, Edwards, & Garrett,
1991; Smith et al., 2018). However, the results of our
phylogenetic and phylogeographic analyses resolve P.
streckersoni sp. nov. closely related to P. amphichaenus,
rather than a conspecific of P. ohiensis from the Interior
Basin. Results also depict clear genetic separation
between P. amphichaenus and P. streckersoni sp. nov.,
and no evidence for the two species existing in sym-
patry in the Trinity River drainage. These findings are
similar to other faunal relationships in the western Gulf
of Mexico drainages, given the high levels of endemism
across these drainages (Haag & Williams, 2014;
Howells et al., 1996; Hubbs, 1957; Hubbs et al., 1991;
Strecker, 1931).

Allopatry is known as the driving force in many spe-
ciation processes (Mayr, 1942, 1963) and many riverine
speciation events are indicative of extended periods of
genetic isolation (Jordan, 1905; Mayr, 1959), including
diversification of freshwater mussels (Inoue, McQueen,
Harris, & Berg, 2014; Johnson et al., 2018; Smith et al.,
2018). However, resolving speciation processes from
patterns of genetic drift via metapopulation structure
continues to confound modern systematic research (De
Queiroz, 2007; Leaché, Zhu, Rannala, & Yang, 2019;
Sukumaran & Knowles, 2017). In the case of P. streck-
ersoni sp. nov., if allopatric population structure was
responsible for divergence, we would expect to see
similar patterns of divergence between populations of P.
amphichaenus (i.e., Sabine, Neches, and Trinity drain-
ages). However, we see limited levels of divergence in
P. amphichaenus populations and haplotype sharing in
peripheral populations (Table 2; Figs 3.1 & 3.2).
Phylogeographic analyses suggest an extended period of
allopatry of P. streckersoni sp. nov. from all populations
of P. amphichaenus. Genetic distances between the two
entities are similar to or greater than patterns of species-
level diversity in other unionids (Inoue et al., 2014a;
Jones, Neves, Ahlstedt, & Hallerman, 2006; Pfeiffer
et al., 2016; Pieri et al., 2018; Roe & Lydeard, 1998),
and haplotype networks depicting clear molecular separ-
ation between P. streckersoni sp. nov. and P. amphi-
chaenus with no haplotype sharing at either mtDNA
markers (Figs 3.1 & 3.2). We also see a clear gap

between intra- and interspecific genetic distance (Figs
S3.1 & S3.2, see supplemental material online), indica-
tive of a long period of genetic isolation.

To further investigate species boundaries in the P.
ohiensis species complex, we employed two coalescent-
based species delimitation models: STACEY and
*BEAST2. STACEY resolved four strongly supported
species clusters without a priori designation as the most
likely species model: P. amphichaenus from the Sabine
and Neches drainages, P. amphichaenus from the
Trinity drainage, P. ohiensis, and P. streckersoni sp.
nov. (Fig. 4). However, there was not decisive support
based on the probability of the model; therefore, we
implemented *BEAST2 to test the marginal likelihood
of the three most likely species scenarios identified by
STACEY. *BEAST2 analyses depicted significant sup-
port for the recognition of four species clusters in the P.
ohiensis species complex; however, models could not
find significant support for a consensus designation of
the two clusters recognized within P. amphichaenus
(Table 3). Species Model 1 recognized P. amphichaenus
from the Sabine and Neches, and P. amphichaenus from
the Trinity as distinct species, which reconstructs a simi-
lar biogeographic pattern recovered in a recent assess-
ment of species-level diversity in another group of
unionids (Pieri et al., 2018). Despite this congruence
with a previous study, Species Model 1 was only found
marginally better than Species Model 3 (Table 3), which
groups peripheral populations of P. amphichaenus as a
species cluster (Sabine and Trinity). These results are
likely due to haplotype sharing and lack of monophyly
between the peripheral populations of P. amphichaenus
(i.e., Sabine and Trinity drainages) at COl, indicative of
limited divergence time and the possibility of on-going
gene flow (Fig. 3.1). Furthermore, coalescent-based
approaches have been repeatedly criticized for delimit-
ing population structure rather than species (Leaché
et al.,, 2019; Sukumaran & Knowles, 2017), and have
been shown to inflate estimates of biodiversity in fresh-
water mussels (Pfeiffer et al., 2016; Smith et al., 2018).
We believe that STACEY and *BEAST analyses over-
estimate the biodiversity in P. amphichaenus and agree
with previous research that when used alone, coalescent-
based species delimitation models may be insufficient
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for taxonomic evaluations (Fujita et al., 2012; Leaché
et al., 2019).

Similar to molecular evidence, we see strong morpho-
logical divergence between members of the P. ohiensis
species complex. MANOVAs of traditional and Fourier
shape morphometrics depicted significant divergence
between P. amphichaenus, P. ohiensis, and P. strecker-
soni sp. nov. (Table 4). We did observe slight overlap
between P. amphichaenus and P. streckersoni sp. nov.
However, DFAs for both traditional and Fourier shape
morphometrics were able to assign P. streckersoni sp.
nov. correctly from other members of P. ohiensis spe-
cies complex 90% and 92.5% of the time, respectively.
These values are similar to or higher than studies utiliz-
ing similar morphological analyses to resolve species
boundaries in freshwater mussels (Gangloff, Williams,
& Feminella, 2006; Inoue et al., 2014; Johnson et al.,
2018; Pieri et al., 2018), indicative of significant mor-
phological divergence of P. streckersoni sp. nov. from
P. amphichaenus. However, our morphological dataset
does have several weaknesses. Morphological character-
istics, especially external shell morphology in unionids,
can be the result of environmental variables (Eagar,
1950; Ortmann, 1920). Furthermore, our sample sizes
are low when compared with other species-delimitation
studies incorporating morphological data (Inoue et al.,
2014; Johnson et al., 2018; Pieri et al., 2018; Smith
et al., 2018); especially for P. ohiensis, a wide-ranging
species that likely depicts high levels of morphological
plasticity throughout its range. Despite this, molecular
data clearly depict that P. ohiensis is divergent from
other members of the species complex; therefore, we
focused interpretation of our morphological assessment
on species delimitation between P. amphichaenus and
P. streckersoni sp. nov.

Inference from our integrative taxonomic assessment
provides significant support for the recognition of a new
species, P. streckersoni sp. nov. and we see clear separ-
ation of three well-supported taxonomic entities in the
P. ohiensis species complex: P. amphichaenus, P. ohien-
sis, and P. streckersoni sp. nov. These three lineages
exhibit clear divergence at mtDNA markers (Table 2;
Figs 3.1 & 3.2), depict significant differences in shell
shape (Table 4; Fig. 5), and are geographically diagnos-
able. Considering the congruence across molecular, mor-
phological, and geographic data, we have formally
described P. streckersoni sp. nov.
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