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Abstract

Major geological processes have shaped biogeographical patterns of riverine biota. The Edwards Plateau of central Texas,
USA, exhibits unique aquatic communities and endemism, including several species of freshwater mussels. Lampsilis bracteata
(Gould, 1855) is endemic to the Edwards Plateau region; however, its phylogenetic relationship with other species in the Gulf
coastal rivers and Mississippi River basin is unknown. We evaluated phylogenetic relationships, shell morphologies and soft
anatomy characters of L. bracteata and a closely related congener, Lampsilis hydiana (Lea, 1838) throughout their ranges. Our
results showed the presence of an undescribed species: Lampsilis bergmanni sp.n. Lampsilis bracteata and L. bergmanni sp.n.

share similar shell morphologies and soft anatomy characters; however, they are genetically distinct. Geological processes, such
as faulting and sea-level changes during the Miocene to Pliocene, are likely to have facilitated diversification of Lampsilis species,
resulting in isolation of L. bracteata on the Edwards Plateau and diversification between L. bergmanni sp.n. and L. hydiana. We
conclude that L. bracteata range is restricted to the Colorado River basin, whereas L. bergmanni sp.n. occurs only in upstream
reaches of the Guadalupe River basin. Conservation actions are warranted for both species due to their restricted distributions
and potential anthropogenic threats.
© The Willi Hennig Society 2019.

Introduction

Major geological processes have shaped the current
distribution of the world’s biota (Avise, 2000; Hewitt,
2000). In riverine systems, isolation by geological
vicariance can be profound because stream-dwelling
organisms are unable to disperse overland and, there-
fore, biogeographical patterns of many aquatic species
track historical changes in river structure (Hughes
et al., 2009). For example, climate-driven sea-level
fluctuations can inundate or expose habitat, especially

in the lower reaches of river basins. Likewise, geologi-
cal events such as faulting or uplift can isolate river
segments or bring them together (Woodruff, 1977;
Albert et al., 2018). Subsequently, the life history and
dispersal ability of species further affect the species
distribution. Studies of evolutionary consequences
resulting from vicariant events are especially impor-
tant, given rapid changes in environment due to
human-driven climate change and disturbances.
Rivers of the western Gulf of Mexico coastal plain

in Mexico and the USA have been shaped by land for-
mation such as uplift of mountain ranges and faulting
of rock formations, resulting in a series of isolated
river basins that independently drain into the Gulf of*Corresponding author:

E-mail address: kinoue@sheddaquarium.org
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Mexico (Galloway et al., 2011). One area of particular
interest for biodiversity research is the Edwards Pla-
teau of central Texas, USA. During the early Miocene
(23–16 Ma), land formation along the Balcones Fault
and subsidence of the Gulf Coastal Plain resulted in
an abrupt topographic change, known as the Balcones
Escarpment, creating the Edwards Plateau (Fig. 1;
Galloway et al., 2011). Over time, rivers on the
Edwards Plateau eroded sediments away to the Gulf
of Mexico, exposing rolling hills and creating broad
flat valleys. The karst land-structure of the Edwards
Plateau contains a number of aquifers and springs cre-
ating high gradient streams and providing perennial
flows in rivers of the region, including the Colorado,
Guadalupe, Nueces and Rio Grande (Woodruff and
Abbott, 1979). As a result, rivers on the Edwards Pla-
teau currently harbour unique assemblages of aquatic
species, including freshwater mussels, that are distinct
from those in downstream portions of Gulf Coastal
Plain rivers (Bowles and Arsuffi, 1993; Randklev et al.,
2017).
Freshwater mussels (Bivalvia: Unionidae) reach their

greatest species diversity in North America, with about

300 species currently recognized (Graf and Cummings,
2007; Williams et al., 2017). A majority of these spe-
cies inhabit the Mobile River basin and the Mississippi
River basin, which includes major rivers such as the
Missouri, Ohio and Tennessee rivers. In contrast, riv-
ers that drain directly into the western Gulf of Mexico
tend to be less speciose but often harbour a high num-
ber of endemic species (Haag, 2010). The number of
Mississippian species begins to decline in central Texas
starting in the Brazos River basin and continues to
decline through the Rio Grande basin (Neck, 1982).
Simultaneously, the mussel fauna increasingly is com-
prised of endemic species thought to originate from
both Mississippian and Mesoamerican affinities (Neck,
1982; Randklev et al., 2017). The large numbers of
endemic species and mixture of faunal assemblages in
western Gulf coastal rivers represent a transition zone
between the mussel faunas of North America and
Mesoamerica (Haag, 2010).
Lampsilis Rafinesque, 1820 is the third largest

genus in the family Unionidae with 24 species recog-
nized (Williams et al., 2017). Previous molecular phy-
logenetic analyses revealed that the genus is

Fig. 1. Collection localities for target taxa specimens used in this study. Colours represent target species (green, Lampsilis bracteata; blue, L. hy-
diana; orange, L. bergmanni sp.n.). Shapes correspond to specimens used for genetics only (squares), morphometrics only (triangles), or for both
genetic and morphometric analyses (circles).
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paraphyletic (Campbell et al., 2005; Zanatta and
Murphy, 2006); however, many of the species within
this group have yet to be validated using modern
molecular techniques. The genus is distributed widely
throughout North America, including the Hudson
Bay, Great Lakes and Mississippi River basins;
Atlantic Coastal rivers from Nova Scotia to Georgia;
and the Gulf of Mexico coastal rivers from the Flor-
ida peninsula to the Rio Grande in Mexico and the
USA (Williams et al., 2008). The distributional
ranges are varied among species. For example, Lamp-
silis streckeri Frierson, 1927 is restricted to the Little
Red River basin in central Arkansas (Harris et al.,
2010), whereas Lampsilis cardium Rafinesque, 1820
occurs widely in the Red River of the North (Hud-
son Bay basin), Great Lakes and St Lawrence River
basins, and Mississippi River basin ranging from
northern Minnesota south to northern Louisiana and
from Pennsylvania west to Oklahoma (Vaughn et al.,
1996; Watters et al., 2009).
In western Gulf of Mexico coastal rivers, Lampsilis

bracteata (Gould, 1855) is thought to be endemic to
the Colorado and Guadalupe River basins of the
Edwards Plateau (Strecker, 1931; Howells et al., 1996).
This species was described from the Llano River, a
tributary of the Colorado River (Gould, 1855). The
disjunct distribution of L. bracteata brings into ques-
tion the taxonomic identity of the Guadalupe River
population; however, the phylogenetics and population
genetics of the Guadalupe River populations have not
been assessed. Therefore, we used Lampsilis cf. brac-
teata throughout the study to denote Guadalupe River
L. bracteata. A second species of interest, Lampsilis
hydiana (Lea, 1838), thought to be a close congener of
L. bracteata due to its similar conchological characters
and distributional range, occurs in downstream reaches
of the Guadalupe River. This species occupies a wide
geographical distribution ranging from tributaries of
the lower Mississippi River (including the Ouachita
and Red rivers in Arkansas, Louisiana, Oklahoma,
and Texas) and Gulf of Mexico coastal rivers west of
the Mississippi River to the Nueces River, except the
Colorado River (Vidrine, 1993; Howells et al., 1996).
Although both L. hydiana and L. cf. bracteata occur
in the Guadalupe River basin, L. hydiana does not
appear to be syntopic with L. cf. bracteata and is
restricted to lower reaches along the Gulf Coastal
Plain downstream of the Edwards Plateau (Howells,
2010). Currently, L. bracteata is listed as threatened
by the state of Texas (TPWD, 2010) and a candidate
for protection under the U.S. Endangered Species Act
(USFWS, 2009) due to its low abundance and isolated
populations (Randklev et al., 2017). A distribution-
wide phylogenetic assessment is necessary to elucidate
the taxonomic identity of the putative Lampsilis spe-
cies in western Gulf coastal rivers and to understand

how past geological changes shaped the geographical
patterns of the species.
In the present study, we used a holistic approach to

evaluate the evolutionary history of the three putative
Lampsilis species (L. bracteata, L. hydiana and
L. cf. bracteata) and make inferences about the role
of past geological factors in shaping the current
genetic structure and distribution of the species. We
included several Lampsilis species to assess phyloge-
netic and phylogeographic relationships of the target
species. We first used mitochondrial and nuclear
DNA (mtDNA and nDNA, respectively) gene
sequences to delineate species boundaries within the
three Lampsilis species by reconstructing phylogenies
and estimating divergence time. Secondly, we used
three morphometric methods to examine similarity in
shell shapes among the species. Thirdly, we quantified
differences in soft tissue anatomical structures among
the species. Developing effective conservation strate-
gies and recovery plans requires better understanding
of taxonomic status and ecology of target species.
Our results clarify L. bracteata systematics and taxon-
omy, which are crucial to state and federal agencies
that require defensible taxonomic and biogeographical
information to develop conservation strategies for the
species.

Methods

Sampling, genetic data collection and estimates of
genetic diversity

In this study, we used a total of 54 individuals of
L. bracteata from five tributaries of the Colorado
River, including the type locality in the Llano River;
38 individuals of L. cf. bracteata from the Guadalupe
River; and 90 individuals of L. hydiana from 10 major
rivers in Arkansas, Louisiana and Texas for molecular
analyses (Fig. 1; Table S1). Samples were collected
either as whole specimens or tissue swabs; tissue swabs
were collected from foot and mantle tissues by rubbing
mucus and epidermal cells using collection swabs
(Puritan Diagnostics LLC, Guilford, ME, USA). Live
specimens were euthanized with 95% ethanol and then
separated into soft tissue and shell. Soft tissues were
preserved in 95% ethanol until DNA extraction, and
shells were scrubbed inside and out to remove remain-
ing tissue and extraneous material.
We extracted total DNA from mantle tissue clips or

tissue swabs using cetyltrimethylammonium bromide
(CTAB)/chloroform extraction followed by ethanol
precipitation (Saghai-Maroof et al., 1984). Extracted
DNA was diluted to 10 ng/lL and used as a template
in PCRs that amplified the mtDNA cytochrome oxi-
dase I (cox1) and NADH dehydrogenase I (nad1)
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genes and the nDNA internal transcribed spacer 1
(ITS1) locus and adenine nucleotide translocase (ANT)
gene. We used the cox1 primers described by Folmer
et al. (1994), the nad1 primers described by Campbell
et al. (2005), the ITS1 primers described by King et al.
(1999), and the ANT primers described by Audzijonyte
and Vrijenhoek (2010). We followed the recommended
thermal conditions for PCR provided in the original
literature. The PCR products were visualized using 1%
agarose gel electrophoresis and purified with ExoSAP-
IT (Life Technologies Corporation, Carlsbad, CA,
USA) or Gen Catch Gel Extraction Kit (Epoch Life
Science, Inc., Sugar Land, TX, USA). We employed
Eurofins Genomics (Louisville, KY, USA) for DNA
sequencing. Sequences were assembled and aligned
using SEQMAN PRO v.14.0 (DNASTAR, Madison, WI,
USA), and an open-reading frame for the two mtDNA
and ANT genes was verified. Ambiguous sequences of
both the 30 and the 50 end were trimmed. We used
MAFFT v.7 (Katoh and Standley, 2013) to perform
multiple sequence alignment.
We used DNASP v.5.10 (Librado and Rozas, 2009)

to estimate population genetic indices from each locus,
including number of haplotypes (H), mean number of
nucleotide differences (K), and mean nucleotide diver-
sity (p) for each putative species and within each
major river (Table 1). We used MEGA v.7.0.16
(Kumar et al., 2016) to estimate pairwise genetic diver-
gence (uncorrected p-distance) between pairs of puta-
tive species separately for the mtDNA and nDNA
datasets.

Phylogenetic analyses

Phylogenetic trees were reconstructed using Bayesian
inference (BI), maximum-likelihood (ML), and maxi-
mum parsimony (MP) analyses based on a concate-
nated dataset (cox1, nad1, ITS1 and ANT). We
included 39 species from the tribes Amblemini,
Anodontini, Lampsilini, Pleurobemini and Quadrulini
to evaluate phylogenetic relationships and used Arci-
dens confragosus (Say, 1829) (Anodontini) to root trees
(Table S2). Before the phylogenetic analyses, we used
METAPIGA v.3.1 (Helaers and Milinkovitch, 2010) to
identify unique haplotypes to save computational time
and evaluate substitution saturations for the concate-
nated dataset. We used only unique haplotypes for the
phylogenetic analyses. Phylogenetic analyses were per-
formed with MRBAYES v.3.2.6 (Ronquist et al., 2012),
W-IQ-TREE (Trifinopoulos et al., 2016) and MPBOOT

(Hoang et al., 2018). Before the BI analysis, we used
KAKUSAN4 (Tanabe, 2011) to estimate the best-fit
model of nucleotide substitution for ITS1, and for
each codon partition of cox1, nad1 and ANT. Substi-
tution models for each gene partition are described in
Table S3. In MRBAYES, two simultaneous Markov
Chain Monte Carlo (MCMC) runs (each chain con-
taining three heated and one cold chain) were executed
for 5 9 106 generations, with trees sampled every 1000
generations for a total 5001 trees in the initial samples.
We used TRACER v.1.7 (Rambaut et al., 2018) to assess
the convergence of both MCMC runs by plotting the
log-likelihood scores for each sampled point. When

Table 1
Summary statistics for cox1, nad1, ITS1, and ANT loci for Lampsilis bracteata from five tributaries of the Colorado River, L. hydiana from 10
major rivers in Arkansas, Louisiana, Oklahoma and Texas, and L. bergmanni sp.n. from the Guadalupe River

Species Waterbody

cox1 nad1 ITS1 ANT

H K p H K p H K p H K p

Lampsilis bracteata San Saba River 1 0.0 0.0000 1 0.0 0.0000 4 0.6 0.0013 2 0.3 0.0007
Cherokee Creek 1 0.0 0.0000 1 0.0 0.0000 2 2.0 0.0040 2 0.4 0.0007
Llano River 1 0.0 0.0000 4 0.4 0.0007 4 1.2 0.0026 2 0.1 0.0003
Pedernales River 2 0.2 0.0002 1 0.0 0.0000 3 1.2 0.0025 2 0.1 0.0003
Onion Creek 1 0.0 0.0000 1 0.0 0.0000 1 0.0 0.0000 1 0.0 0.0000
All Lampsilis bracteata 4 0.8 0.0014 4 0.1 0.0002 9 1.3 0.0030 3 0.4 0.0009

Lampsilis hydiana Ouachita River 4 1.4 0.0022 2 1.3 0.0036 1 0.0 0.0000 2 0.6 0.0012
Red River 6 2.4 0.0037 5 5.5 0.0092 2 1.3 0.0030 3 0.5 0.0010
Calcasieu River 2 0.5 0.0008 4 1.3 0.0021 — — — 1 0.0 0.0000
Sabine River 5 1.0 0.0023 4 1.4 0.0024 3 0.7 0.0015 1 0.0 0.0000
Neches River 8 2.1 0.0034 10 2.8 0.0051 2 0.6 0.0012 1 0.0 0.0000
Trinity River 2 9.0 0.0139 2 3.0 0.0053 1 0.0 0.0000 1 0.0 0.0000
San Jacinto River 3 1.2 0.0019 2 1.5 0.0028 3 1.0 0.0025 1 0.0 0.0000
Brazos River 4 1.0 0.0017 2 0.1 0.0002 1 0.0 0.0000 1 0.0 0.0000
Guadalupe River 1 0.0 0.0000 1 0.0 0.0000 1 0.0 0.0000 1 0.0 0.0000
San Antonio River 1 0.0 0.0000 2 0.5 0.0009 1 0.0 0.0000 1 0.0 0.0000
All Lampsilis hydiana 23 1.9 0.0043 22 2.6 0.0053 5 0.7 0.0017 3 0.1 0.0002

Lampsilis bergmanni sp.n. Guadalupe River 2 0.5 0.0009 3 1.2 0.0023 1 0.0 0.0000 5 0.6 0.0012
Overall 27 19.3 0.0460 29 28.9 0.0644 12 3.5 0.0088 8 0.7 0.0016

H, number of haplotypes; K, mean number of base pair differences; p, mean nucleotide diversity.
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the likelihood values reached a plateau with sufficient
effective sample sizes (ESS > 200), we considered the
Markov chains to be stationary. Accordingly, we dis-
carded the first 25% of trees (1250 trees) as burn-in,
and the remaining trees were retained and evaluated
using the 50% majority rule for a consensus tree. For
the ML analysis, we used auto function in W-IQ-TREE

to estimate the best-fit substitution models for each
gene and codon partition (Table S3). We used 1000
ultrafast bootstrap replicates to calculate nodal sup-
port values (Minh et al., 2013). For the MP analysis,
we used default function in MPBOOT to reconstruct
the MP cladogram. We used 1000 ultrafast bootstrap
replicates to calculate nodal support values.

Divergent time estimates

We used a molecular clock method implemented in
BEAST v.2.5.0 (Bouckaert et al., 2014) to estimate
divergence time among Lampsilis species. We used the
concatenated dataset and included 15 putative Lampsilis
species and Truncilla macrodon (Lea, 1859) as the out-
group. A random starting tree was estimated under sub-
stitution models estimated by KAKUSAN4 (Table S3). A
relaxed lognormal clock model and coalescent-
constant-population model were used. We used cox1
substitution rates available for Unionida (1.68 9 10�9

to 2.86 9 10�9 per substitution site per year; Bolotov
et al., 2016). The accuracy of divergent times estimated
by molecular clocks has been debated when the diver-
gent times disagree with estimates based on fossil
records (Bromham and Penny, 2003). The substitution
rates used in this analysis were estimated by a fossil-
calibrated phylogeny of Margaritifera species and are
congruent with rates estimated independently from two
Unio species currently separated by the Strait of Gibral-
tar (Froufe et al., 2016). Analysis was run for 5 9 107

generations, with sampling every 1000 generations and
a burn-in of 25% of the total saved trees. The remaining
trees were retained and evaluated using the maximum
clade credibility method for a consensus tree.

Species delimitation analyses

We used a Yule-coalescent method to delimit 15
putative species in the genus Lampsilis. We employed
two generalized mixed Yule-coalescent (GMYC) mod-
els: single-threshold GMYC (ST-GMYC) model (Pons
et al., 2006) and Bayesian GMYC (bGMYC) model
(Reid and Carstens, 2012). Both GMYC models
require ultrametric trees to estimate species bound-
aries; therefore, we used ultrametric trees generated
from BEAST. We used R/SPLITS (Ezard et al., 2013) to
conduct ST-GMYC analysis on the consensus tree
using the single-threshold method and default inter-
vals. For bGMYC analysis, we randomly selected 100

ultrametric trees from the 37 500 trees after burn-in
from BEAST. With R/BGMYC (Reid and Carstens,
2012), we ran 200 000 MCMC generations, sampled
the chain every 100 generations and discarded the first
4000 generations as burn-in. We set the threshold
parameter priors, t1 and t2, to 2 and 80, respectively,
and the starting parameter value at 30. We used a sin-
gle point estimate approach to delimit species bound-
aries and set the delimitation threshold relative to the
posterior mean of the analysis at 0.5 using the bgmyc.-
point function.

Morphometric analyses

We conducted three morphometric analyses—
traditional, geometric, and Fourier shape—to compare
shell shapes among putative species. We used 79
L. bracteata individuals collected from five tributaries
of the Colorado River (Cherokee Creek, Llano River,
Onion Creek, Pedernales River and San Saba River),
28 L. cf. bracteata individuals from the Guadalupe
River and 145 L. hydiana individuals from 10 major
rivers (Table 1 Table S1). For traditional morphomet-
rics, we measured three shell characteristics (maximum
length (anterior to posterior), height (dorsal to ventral)
and width (right to left valve)) to the nearest 0.1 mm
for each individual using digital calipers. To standard-
ize the variables for size, we calculated ratios of the
height:length (elongation), width:length (inflation), and
width:height (inflation) and normalized using an arc-
sine-transformation. For geometric and Fourier mor-
phometrics, we used the right valve of each specimen
and took digital photographs with a Canon EOS7D
SLR camera (Canon USA, Inc., Melville, NY, USA).
We placed each specimen on a log-polar grid with
radial lines extending every 5°; the shell was placed such
that a horizontal line extended from the anterior of the
umbo to the posterior end of the hinge ligament. For
geometric morphometrics, we used TPSDig2 (Rohlf,
2018) to place 31 shell landmarks at the intersection of
the shell margin and radial lines extending below the
horizontal line (Fig. 2a). We used Procrustes transfor-
mation to remove size variables from landmark coordi-
nates and set the first two landmarks as homologous
landmarks (i.e. landmarks located at the same point on
each specimen) and the rest as semi-landmarks (i.e.
landmarks located along the margin that slide across
specimens) (Zelditch et al., 2004). Using the same digi-
tal photographs, we extracted the outline of the shell by
cropping the image using PHOTOSHOP CC v.2015.0.0
(Adobe, Inc., San Jose, CA, USA) for Fourier morpho-
metrics (Fig. 2b). Using cropped shell images, the shell
outline was described by 20 Fourier coefficients using
SHAPE v.1.3 (Iwata and Ukai, 2002).
For all morphometric analyses, we examined mor-

phological variation within and among putative species
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through principal component analysis (PCA) and
canonical variate analysis (CVA). Although both analy-
ses simplified descriptions of variation among individu-
als, CVA requires a priori assignments to group
individuals. Additionally, MANOVA and discriminant
function analysis (DFA) were used to determine how
frequently principal component (PC) scores correctly
distinguished between groups. We created confusion
matrices based on the DFA for each morphometric
analysis by calculating proportions of correct group
assignments. All statistical analyses were performed
using the software PAST (Hammer et al., 2001), except
that PCA for Fourier analysis was done in SHAPE.

Examination of soft anatomy characters

We used 44 live individuals from the three putative
species (13 L. bracteata individuals from Cherokee
Creek and the San Saba River, 19 L. hydiana individu-
als from Cibolo Creek and the Neches River and 12
L. cf. bracteata individuals from the Guadalupe River)
to compare soft anatomy structure among species. All
individuals were adults and shell lengths range from
48.7 to 76.2 mm (mean = 60.9 mm). For each individ-
ual, we removed the right valve with a scalpel and
recorded differences in general soft anatomy characters
(i.e. soft anatomy overall coloration, labial palp shape
and incurrent aperture papillae shape; Fig. 2c).
Additionally, we measured 11 anatomical structures

(length and height of the right outer gill, right inner
gill, right labial palp, and foot; and incurrent, excur-
rent and supra-anal aperture lengths; Fig. 2c) for each
individual to the nearest 0.1 mm using digital calipers.
We calculated the proportion of each measurement to
shell lengths to standardize for size and normalized
using an arcsine-transformation. We examined differ-
ences in the anatomical structures among the putative
species through PCA and MANOVA. Using biplots of
the PCA, we determined anatomical structures provid-
ing discrimination among the species. All statistical
analyses were performed using PAST.

Results

Genetic diversity

We sequenced ~653 bp of the cox1 gene from 182
individuals, ~599 bp of the nad1 gene from 175 indi-
viduals, ~544 bp of the ITS1 region from 118 individu-
als and ~496 bp of the ANT gene from 132
individuals. Sequences obtained for this study were
submitted to GenBank (accession numbers:
MK672001–MK672797; Table S1). Lampsilis hydiana
had high genetic diversity in mtDNA genes relative to
the other species; however, nDNA genetic diversity

was relatively similar among putative species (Table 1).
Pairwise genetic divergence among putative species
ranged from 0.0170 (L. cf. bracteata vs. L. hydiana) to

Fig. 2. Right valve with 31 landmarks used for geometric morpho-
metric analysis (a), example of shell outline used for Fourier mor-
phometric analysis (b) and soft anatomical characters (c).
Homologous landmarks are indicated by red circles and semi-land-
marks are indicated by white circles (a). Codes for anatomical char-
acters are: aam, anterior adductor muscle; ea, excurrent aperture; f,
foot; ia, incurrent aperture; ig, inner gills; lp, labial palps; m, mantle;
mf, mantle flap; og, outer gills; ov, ovisac; pam, posterior adductor
muscle; pia, papillae of the incurrent aperture; sa, supra-anal aper-
ture.
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0.1135 (L. bracteata vs. L. hydiana; Table 2) for the
mtDNA dataset. However, for the nDNA dataset,
genetic divergence among putative species was rela-
tively low (range 0.0037–0.0089; Table 2).

Phylogeny

The BI, ML and MP phylogenies based on the con-
catenated dataset showed similar tree topologies and
nodal supports (Figs 3, 4, S1). We did not recover a
monophyletic clade of Lampsilis species. Lampsilis lin-
eages formed two main clades: one with L. bracteata,
L. cardium, L. cariosa (Say, 1817), L. fasciola Rafin-
esque, 1820, L. ornata (Conrad, 1835), L. ovata (Say,
1817) and L. satura (Lea, 1852) (hereafter, Bracteata
Lineage), and the other with Actinonaias ligamentina
(Lamarck, 1819), L. higginsii (Lea, 1857), L. hydiana,
L. radiata (Gmelin, 1791), L. siliquoidea (Barnes,
1823), L. straminea (Conrad, 1834), L. teres (Rafin-
esque, 1820), L. virescens (Lea, 1858) and
L. cf. bracteata (hereafter, Hydiana Lineage). Nominal
species generally formed monophyletic clades with
strong nodal supports (posterior probability
(PP) > 0.99, ML bootstrap support (MLBS) > 95%,
MP bootstrap support (MPBS) > 95%); however,
L. cardium and L. satura did not show reciprocal
monophyly. In the Bracteata Lineage, all trees showed
monophyly of L. bracteata with strong nodal supports
(PP = 1, MLBS = 100%, MPBS = 100%) (Figs 3 4,
S1); however, L. bracteata formed a basal clade of the
Bracteata Lineage in the ML and MP trees (Figs 3 4),
whereas the BI tree showed a polytomic relationship
among species within the Bracteata Lineage (Fig. S1).
In the Hydiana Lineage, A. ligamentina was nested
within the lineage and sister to L. higginsii (Figs 3 4,
S1). Lampsilis hydiana formed a monophyletic clade,
which is sister to a clade of L. straminea and
L. virescens in the BI and ML trees (Figs 3 S1),
whereas the MP tree showed L. hydiana sister to
L. cf. bracteata (Fig. 4); however, nodal supports were
relatively weak (PP = 0.79, MLBS = 92%,
MPBS = 88%) (Figs 3 4, S1). Lampsilis cf. bracteata
formed a monophyletic clade with strong nodal sup-
ports (PP = 1, MLBS = 100%, MPBS = 100%). Nei-
ther L. bracteata nor L. hydiana showed clear
geographical structure within species (Figs 3 4, S1).

Divergent time estimates

A time-calibrated phylogeny generated from BEAST
was generally congruent with the BL and ML phyloge-
nies (Fig. 5); however, the BEAST tree showed that
L. cf. bracteata was a sister clade to L. hydiana. We
did not recover a monophyletic L. cardium or L. sat-
ura; thus, we collapsed the clade comprising
L. cardium and L. satura (collectively hereafter, simply
L. cardium based on priority; Fig. 5). Major diversifi-
cation of Lampsilis lineages likely occurred during the
Oligocene to Pliocene epochs (30–2.58 Ma; Fig. 5).
The median estimate of the split between the Bracteata
and Hydiana lineages was 28.2 Ma (95% credible
interval: 34.3–22.1 Ma; Fig. 5). Lampsilis bracteata
diverged from other species within the Bracteata Line-
age 23.4 Ma (29.7–17.2 Ma) with relatively high nodal
support. The L. fasciola and L. ornata clade diverged
from the clade including L. cardium, L. cariosa and
L. ovata 19.7 Ma (24.4–14.3 Ma) followed by diver-
gence between L. fasciola and L. ornata 18.2 Ma
(21.1–11.1 Ma); however, nodal supports for these
clades were rather weak. Divergence among
L. cardium, L. cariosa, and L. ovata occurred more
recently, ranging from 7.1 Ma (9.7–4.6 Ma) to 5.7 Ma
(7.0–2.8 Ma). In the Hydiana Lineage, L. higginsii
formed a basal clade and diverged from other species
20.9 Ma (26.3–15.6 Ma) followed by the divergence of
L. teres 20.3 Ma (23.3–13.7 Ma). Diversifications
among L. hydiana, L. straminea, L. virescens and
L. cf. bracteata likely occurred in the late Miocene to
Pliocene from 5.5 Ma (7.5–3.6 Ma) to 3.0 Ma (4.3–
1.9 Ma).

Species delimitation analyses

Species delimitation analyses based on two Yule-co-
alescent methods identified 14 putative species within
Lampsilis. Both methods recognized the undescribed
L. cf. bracteata as a distinct taxon, and L. cardium
and L. satura to be conspecific.

Morphological variation among putative species

We examined shells from 252 individuals for the mor-
phometric analyses. For traditional morphometrics, the

Table 2
Mean pairwise genetic divergences (uncorrected p-distance) for the concatenated mitochondrial DNA (below diagonal) and the concatenated
nuclear DNA (above diagonal) sequences from Lampsilis bracteata, L. hydiana and L. bergmanni sp.n.

Lampsilis bracteata Lampsilis hydiana Lampsilis bergmanni sp.n.

Lampsilis bracteata — 0.0064 (0.0021) 0.0089 (0.0030)
Lampsilis hydiana 0.1135 (0.0092) — 0.0037 (0.0016)
Lampsilis bergmanni sp.n. 0.1084 (0.0092) 0.0170 (0.0034) —

Standard deviations are shown in parentheses.
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PCA yielded two distinct eigenvalues that described
> 99% of the total variation among individuals
(Fig. 6a). The PC1 axis described 86% and the PC2 axis
described 14% of the total variation. The PCA plot with
group assigned by species showed that L. hydiana had
larger morphological variation relative to L. bracteata
and L. cf. bracteata, and the species clusters overlapped

(Fig. 6a). Similar to PCA results, CVA clusters showed
wide morphological range of L. hydiana and overlap
among species clusters (Fig. 6b). The MANOVA
showed significant differences between shell morpholo-
gies of the mean of each species (Wilk’s Λ = 0.766;
F6,496 = 11.9; P < 0.001), except between L. bracteata
and L. cf. bracteata (P = 0.755). Mean correct

Lampsilis cariosa

Lampsilis straminea

Truncilla macrodon

Lampsilis higginsii

Lampsilis fasciola

Lampsilis siliquoidea

Lampsilis teres

Lampsilis bergmanni sp.n.
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<0.90

Time (Ma)05101520253040 354550

Eocene Oligocene Miocene PO PS

Fig. 5. Maximum clade credibility tree based on the concatenated mitochondrial DNA and nuclear DNA sequence dataset analysed from
BEAST. Divergence time is scaled to million years ago (Ma). Bayesian posterior probability values are shown in shaded squares along the nodes
(white < 0.90, grey = 0.90–0.99, black > 0.99). Horizontal bars represent 95% credible intervals. Grey shade represents the Neogene subperiod
(23.03–2.58 Ma). Po, Pliocene; Ps, Pleistocene. Lampsilis cardium and L. satura were collapsed into a single clade.

Fig. 6. Biplots from principal component analysis (PCA) and canonical variate analysis (CVA) of traditional (a, b), geometric (c, d) and Fourier
(e, f) morphometrics. Colours and shapes of points correspond to putative species (green circles, Lampsilis bracteata; blue squares, L. hydiana;
orange diamonds, L. bergmanni sp.n.). Polygons enclose convex hulls of each species. Biplots of variables from traditional morphometrics (a) are
shown in arrows (HL, height:length; WL, width:length; WH, width:height). Deformation grids from geometric morphometrics (c) represent mean
shape (top-right) and �2 9 SD on PC1 and PC2 axes. Outlined shell shapes from Fourier morphometrics (e) represent mean shape (top-right)
and �2 9 SD on PC1 and PC2 axes.
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assignment of individuals to groups by DFA was 55.3%
(range 51.9–57.1%; Table 3).
For geometric morphometrics, the PCA yielded five

distinct eigenvalues that described > 90% of the total
variation (Fig. 6c). The PC1 axis described 43% and
the PC2 axis described 19% of the total variation. The
PCA plot showed similar clustering patterns to the tra-
ditional morphometrics, where large portions of the
clusters overlapped (Fig. 6c). However, CVA clusters
showed significant differentiation among species
(Fig. 6d). Similar to the traditional morphometrics,
the MANOVA showed significant differences between
mean shell morphologies of each species (Wilk’s
Λ = 0.158; F124,378 = 4.6; P < 0.001), except between
L. bracteata and L. cf. bracteata (P = 0.510). Mean
correct assignment of individuals to groups was 89.1%
(range 84.8–93.2%; Table 3).
For Fourier morphometrics, the PCA yielded five

distinct eigenvalues that described > 90% of the total
variation (Fig. 6e). The PC1 axis described 59% and
the PC2 axis described 20% of the total variation. The
PCA plot showed similar clustering patterns to the tra-
ditional and geometric morphometrics (Fig. 6e). Simi-
lar to the geometric morphometrics, CVA clusters
showed significant differentiation in shell morphologies
among species (Fig. 6f). The MANOVA showed sig-
nificant differences between species (Wilk’s Λ = 0.104;
F154,348 = 4.8; P < 0.001), except between L. bracteata
and L. cf. bracteata (P = 1). Mean correct assignment
of individuals to groups was 94.5% (range 89.9–
97.3%; Table 3).

Soft anatomy characters

The arrangement of soft anatomy was similar
among the species (Fig. 7). Soft tissues were generally

creamy white to slightly tan, and dark pigmentation
was present on the posterior margin of the mantle tis-
sue. Lampsilis hydiana had significantly larger, opaque
white labial palps (Fig. 7b), whereas L. bracteata and
L. cf. bracteata had smaller, translucent tan labial
palps (Fig. 7a,c). Females had well-developed mantle
flaps on the posterior margin of the mantle tissue and
dark pigmentation on the posterioventral margin of
outer gills accentuating the ovisacs (Fig. 7).
Incurrent and excurrent aperture papillae were heav-

ily pigmented with orange-brown to dark grey, and
their shape was slightly different among the species
(Fig. 8). Incurrent aperture papillae were dark orange
to brown in L. bracteata but lighter coloured in L. hy-
diana; however, L. cf. bracteata had pale orange papil-
lae. In the incurrent aperture, L. bracteata had
relatively short, stout and less dense simple papillae
(Fig. 8a), whereas L. hydiana and L. cf. bracteata had
long, slender and dense simple papillae (Fig. 8b,c).
Some L. hydiana papillae were bifurcated (Fig. 8b).
Excurrent aperture papillae were simple, short and less
dense in L. bracteata; however, L. hydiana and
L. cf. bracteata had relatively long and dense simple
papillae (Fig. 8).
The MANOVA revealed significant differences in

soft anatomical characters between species (Wilk’s
Λ = 0.089; F22,62 = 6.6; P < 0.001), except between
L. bracteata and L. cf. bracteata (P = 0.089). The
PCA yielded seven distinct eigenvalues that described
> 90% of the total variation (Fig. 9). The PC1 axis
described 25% and the PC2 axis described 21% of the
total variation. The PCA plot showed significant clus-
tering patterns grouped by species, where the L. hydi-
ana cluster was differentiated from the other species
(Fig. 9). A large portion of the L. bracteata and
L. cf. bracteata clusters overlapped. The biplots

Table 3
Confusion matrix with percentages of individuals in a priori species classification (rows) that are assigned to the predicted species (columns)
based on a discriminant function analysis for traditional, geometric and Fourier morphometrics. A priori species classification includes Lampsilis
bracteata, L. hydiana and L. bergmanni sp.n.

Lampsilis bracteata Lampsilis hydiana Lampsilis bergmanni sp.n.

Traditional morphometrics
Lampsilis bracteata 51.9 35.4 12.7
Lampsilis hydiana 28.6 57.1 14.3
Lampsilis bergmanni sp.n. 20.5 22.6 56.8

Geometric morphometrics
Lampsilis bracteata 84.8 10.1 5.1
Lampsilis hydiana 10.7 89.3 0
Lampsilis bergmanni sp.n. 4.1 2.7 93.2

Fourier morphometrics
Lampsilis bracteata 89.9 5.1 5.1
Lampsilis hydiana 3.6 96.4 0
Lampsilis bergmanni sp.n. 2.7 0 97.3

Diagonal values for each morphometric analysis indicate a percentage of individuals in a priori species classification that are correctly pre-
dicted to be assigned to the species.

12 Kentaro Inoue et al. / Cladistics 0 (2019) 1–26



Fig. 7. Soft anatomy. (a) Lampsilis bracteata: female, 53.6 mm length (left); male, 62.7 mm length (right), San Saba River (Colorado River
basin), Menard County, Texas. (b) Lampsilis hydiana: female, 61.0 mm length (left); male, 63.4 mm length (right), Cibolo Creek (San Antonio
River basin), Wilson County, Texas. (c) Lampsilis bergmanni sp.n.: female, 57.0 mm length (left); male, 50.7 mm length (right), Guadalupe River,
Kerr County, Texas.
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showed that labial palp length and height, inner gill
height, incurrent aperture length and foot length were
discriminant factors between L. hydiana and the other
species (Fig. 9).

Taxonomic accounts

Based on the molecular, morphological and anatomi-
cal data, we herein describe Lampsilis bergmanni sp.n.
from the upstream portion of the Guadalupe River and
its tributaries of the Edwards Plateau, Texas, USA. A
subset of the authors of the current study, Inoue and
Randklev, are the authors of the new species. Specimens
from the following institutions were examined in taxo-
nomic accounts: Arkansas State University Museum of
Zoology (ASUMZ), Baylor University Mayborn
Museum (BV), Illinois Natural History Survey (INHS),
Smithsonian Museum of Natural History (NMNH) and
Texas A&M Natural Resources Institute Freshwater
Mussel Collection (NRI).

Systematics

Class Bivalvia Linnaeus, 1758
Order Unionida Gray, 1854
Family Unionidae Rafinesque, 1820
Genus Lampsilis Rafinesque, 1820

Lampsilis bergmanni Inoue and Randklev sp.n.

(Figs 7c, 8c, 10, 11c, 12c and 13c). Common name.
Guadalupe Fatmucket.
Range. Upstream portion of the Guadalupe River

and its tributaries of the Edwards Plateau region in
Kerr, Kendall and Comal counties, Texas, USA.
Type material. Holotype: INHS90608, Guadalupe

River, upstream of Erhlers Road bridge, 5.2 air km
SW of Comfort, Kerr County, Texas, 29.93975,
�98.94837, 10.IV.2018, female, 57.0 mm length, Allo-
type: INHS90609, same data as holotype, male,
55.7 mm length. Paratypes: INHS90610 (n = 10), same
data as holotype. NRI8512 (n = 11), same data as

Fig. 8. Papillae of the incurrent and excurrent apertures. (a) Lampsilis bracteata: female (left), male (right), San Saba River (Colorado River
basin), Menard County, Texas. (b) Lampsilis hydiana: female (left), male (right), Cibolo Creek (San Antonio River basin), Wilson County, Texas.
(c) Lampsilis bergmanni sp.n.: female (left), male (right), Guadalupe River, Kerr County, Texas.
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holotype. NRI8308 (n = 5), Guadalupe River, down-
stream of Nimitz Lake, 2.3 air km WNW of Kerrville,
Kerr County, Texas, 30.05230, �99.16366, 14.III.2017.
NRI8335 (n = 9), Guadalupe River, downstream of
Nimitz Lake, 2.4 air km WNW of Kerrville, Kerr
County, Texas, 30.05248, �99.16396, 25.V.2017.
Material examined. NRI8697 (n = 2), Johnson Creek

(Guadalupe River basin), Byas Springs Road bridge,
5.1 air km SE of Mountain Home, Kerr County, Tex-
as, 30.146825, �99.338291. BV197AB, BV198AB,
Guadalupe River, New Braunfels, Comal County,
Texas. BV2493AB, Guadalupe River, Kendall County,
Texas. BV5243AB, Guadalupe River, Comfort, Kerr
County, Texas.
Etymology. It is with honour that we name this spe-

cies for Mr Joseph Anthony Michael Bergmann of
Boerne, Texas, who dedicated much of his career
(1970s to 2010s) to the collection and conservation of
freshwater mussels in Texas and surrounding areas.
Comparative diagnosis. Lampsilis bergmanni sp.n.

and L. bracteata are indistinguishable by conchological
and soft anatomy morphologies; however, these species
are not sympatric as each occurs within different river
basins of the Edwards Plateau region. Lampsilis berg-
manni sp.n. may resemble L. hydiana, but L. bergmanni
sp.n. is more vividly rayed and has a thinner shell.
Both species occur within the Guadalupe River basin;
however, they are not syntopic. Lampsilis bergmanni
sp.n. is restricted to the upstream portion of the

Guadalupe River and its tributaries of the Edwards
Plateau, whereas L. hydiana ranges throughout the
downstream portion of the Guadalupe River and adja-
cent tributaries of the Gulf Coastal Plain. Lampsilis
bergmanni sp.n. is distinguished from L. bracteata and
L. hydiana by one diagnostic nucleotide at cox1 (289:
G), one diagnostic nucleotide at nad1 (240:C), two
diagnostic nucleotides at ITS1 (436:G, 473:G) and one
diagnostic heterozygous locus at ANT (424:C/T).
Shell description. Shell length to c. 100 mm. Shell

outline elliptical to quadrate or nearly ovate. Sexually
dimorphic with male outline typically elliptical, female
shape more oval or quadrate. Posterior margin pointed
in males and broadly rounded to truncate in females.
Posterior ridge rounded and scarcely perceptible.
Shells thin but moderately solid and somewhat
inflated, more so for females than males. Periostracum
texture subglossy, tan to greenish-yellow base overlain
with numerous brown or green rays that are wider at
the shell margin and are often broken (Howells, 2014).
Nacre white, usually iridescent posteriorly. Umbo
broad and elevated above the hinge line, sculpture
(when present) consisting of double-looped or v-
shaped ridges. Umbo cavity typically shallow but can
be moderately deep. Left valve with two thin lateral
teeth, typically straight or slightly curved; two, trian-
gular, compressed pseudocardinal teeth. Right valve
with a single thin and long lateral tooth, and one com-
pressed, triangular, often ragged edged pseudocardinal
tooth, with an anterior denticle. Interdentum moder-
ately long and thin.
Soft anatomy description. Mantle creamy white to

light yellow. Aperture margins dark, often mottled
with dark and light pigmented areas. Female with
well-developed mantle flap, coloration black to dark
orange, flap margin papillate, anterior margin enlarged
into a tail-like structure. Males have a rudimentary
flap, mottled with alternating dark and light areas.
Incurrent and supra-anal apertures longer than excur-
rent aperture; incurrent aperture longer than supra-
anal aperture. Incurrent aperture (length 12–16% of
shell length) with dark grey to dark brown medial
band on mantle, basal insertion of papillae creamy
white to dark tan, free papillae stalks creamy white to
orange, papillae elongate and tapered distally with
simple tips, distal tips light grey to orange. Excurrent
aperture (length 7–12% of shell length) with broad
band of dark pigment internally, excurrent aperture
papillae in single row and smaller than incurrent aper-
ture papillae. Supra-anal aperture (length 7–17% of
shell length) elongated and lacking papillae, supra-anal
opening rimmed with dark grey to orange, often mot-
tled with alternating dark and light areas. Gills creamy
white to light tan. Female outer gill marsupial, poste-
rior 1/3 to 1/2 utilized as ovisac, ovisac greatly dis-
tended, creamy white to light tan medially, dark grey

Fig. 9. Biplots from principal component analysis (PCA) of soft
anatomical characters. Colours and shapes of points correspond to
putative species (green circles, Lampsilis bracteata; blue squares,
L. hydiana; orange diamonds, L. bergmanni sp.n.). Polygons enclose
convex hulls of each species. Biplots of variables are shown in
arrows. See Fig. 2 for abbreviations of soft anatomy characters. L,
length; H, height.
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Fig. 10. Right valve of Lampsilis bergmanni sp.n. from the Guadalupe River, Kerr County, Texas. (a–f). (a) Holotype (INHS90608), female,
57.0 mm length; (b) allotype (INHS90609), male, 55.7 mm length; (c) paratype (NRI8512.15), female, 57.5 mm length; (d) paratype
(INHS90610), male, 61.7 mm length; (e) paratype (NRI8335.3), female, 66.1 mm length; (f) paratype (INHS90610), male, 53.4 mm length.
INHS, Illinois Natural History Survey; NRI, Texas A&M Natural Resources Institute Freshwater Mussel Collection.
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Fig. 11. Right valve external views. (a) Lampsilis bracteata: female, 59.6 mm length (left); male, 51.3 mm length (right), Cherokee Creek (Color-
ado River basin), San Saba County, Texas. (b) Lampsilis hydiana: female, 61.0 mm length (left); male, 65.0 mm length (right), Cibolo Creek
(San Antonio River basin), Wilson County, Texas. (c) Lampsilis bergmanni sp.n.: female, 57.0 mm length (left); male, 55.7 mm length (right),
Guadalupe River, Kerr County, Texas.
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Fig. 12. Right valve internal views. (a) Lampsilis bracteata: female, 59.6 mm length (left); male, 51.3 mm length (right), Cherokee Creek (Color-
ado River basin), San Saba County, Texas. (b) Lampsilis hydiana: female, 61.0 mm length (left); male, 65.0 mm length (right), Cibolo Creek
(San Antonio River basin), Wilson County, Texas. (c) Lampsilis bergmanni sp.n.: female, 57.0 mm length (left); male, 55.7 mm length (right),
Guadalupe River, Kerr County, Texas.
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to black on distal margin. Labial palps elongated
(length:height = 1.3–2.0), colour creamy white to light
tan, often translucent.
Remarks. Lampsilis bergmanni sp.n. does not have

state or federal protection; however, this species is cur-
rently known from few localities. Studies are war-
ranted to delineate the extent of the species
distribution and evaluate the conservation status at
state and federal levels.

Lampsilis bracteata (Gould, 1855) (Figs 7a, 8a, 11a,
12a and 13a). Common name. Texas Fatmucket.

Range. Major tributaries of the Colorado River
basin within the Edwards Plateau region of Texas.
Type material. Lectotype: NMNH84966, designated

by Johnson (1964:47, pl. 31, fig. 5), Llano River, near
U.S. Highway 87, Mason County, Texas, examined by
Taylor (1976).
Material examined. San Saba River: NRI8084

(n = 1), NRI8092 (n = 5), NRI8217 (n = 2), NRI8301
(n = 20 swab samples), NRI8302 (n = 8), NRI8436
(n = 8), NRI8440 (n = 4), NRI8523 (n = 6), San Saba
River, 21.7 air km WSW of Menard, Menard County,
Texas, 30.86759, �100.00657. Cherokee Creek:
NRI8510 (n = 11), Cherokee Creek, 13.7 air km of
ENE of Cherokee, San Saba County, Texas, 31.03243,
�98.57802. Llano River: NRI8067 (n = 1), Hickory
Creek, 14.7 air km WSW of Llano, Llano County, Tex-
as, 30.71778, �98.82044; NRI8068 (n = 2), Llano
River, 14.6 air km WSW of Llano, Llano County, Tex-
as, 30.72080, �98.82051; NRI8267 (n = 2), South
Llano River, 23.4 air km SW of Junction, Kimble
County, Texas, 30.31681, �99.91180; NRI8273 (n = 2),
James River, 35.5 air km E of Junction, Kimble
County, Texas, 30.49734, �99.40220; NRI8275 (n = 1),
Llano River, 1.6 air km E of Junction, Kimble County,
Texas, 30.49227, �99.75590; NRI8276 (n = 5), North
Llano River, 48.5 air km E of Sonora, Sutton County,
Texas, 30.48279, �100.14739; NRI8286 (n = 2), Llano
River, 27.8 air km W of Llano, Llano County, Texas,
30.70334, �98.95860; NRI8337 (n = 11), Llano River,
13.5 air km SW of Mason, Mason County, Texas,
30.65801, �99.32441. Pedernales River: NRI8087
(n = 2), Live Oak Creek, 5.5 air km SW of Fredericks-
burg, Gillespie County, Texas, 30.23939, �98.91184;
NRI8306 (n = 7 swab samples), Pedernales River, 6.6
air km SSW of Fredericksburg, Gillespie County, Tex-
as, 30.22282, �98.90490; NRI8307 (n = 4 swab sam-
ples), Pedernales River, 6.6 air km SSE of
Fredericksburg, Gillespie County, Texas, 30.21864,
�98.84947. Onion Creek: NRI8701 (n = 1 swab sam-
ple), Onion Creek, 15.3 air km ESE of Austin, Travis
County, Texas, 30.20648, �97.59958; BV1089AB,
BV1090AB, BV1091AB, BV1092AB, BV1093AB,
BV1094AB, BV1095AB, BV1096AB, BV1097AB,
BV1098AB, BV1099AB, BV1100AB, BV1101AB,
BV1102AB, Onion Creek, 0.7 air km NW of Buda,
Hays County, Texas, 30.08620, �97.84824.

Comparative diagnosis. Lampsilis bracteata and
L. bergmanni sp.n. are indistinguishable morphologi-
cally; however, they are not sympatric as L. bracteata
is endemic to the Colorado River basin and
L. bergmanni sp.n. is endemic to the upper Guadalupe
River basin. Lampsilis bracteata can be confused with
L. hydiana; however, L. hydiana does not occur in the
Colorado River basin. Lampsilis bracteata is distin-
guished from L. bergmanni sp.n. and L. hydiana by 46

Fig. 13. . Umbo sculpture in (a) Lampsilis bracteata, (b) Lampsilis
hydiana and (c) Lampsilis bergmanni sp.n.
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diagnostic nucleotides at cox1 (13:G, 16:G, 22:A, 29:G,
37:G, 43:T, 118:T, 127:A, 160:A, 169:G, 190:T, 211:A,
244:G, 256:A, 265:A, 268:G, 271:A, 286:G, 292:A, 295:
G, 307:G, 325:T, 328:A, 331:A, 334:A, 343:C, 349:A,
355:A, 373:A, 457:T, 460:G, 466:A, 493:G, 520:T, 526:
T, 535:G, 544:G, 545:G, 550:G, 559:A, 578:C, 580:G,
604:A, 607:A, 619:A, 649:G), 59 diagnostic nucleotides
at nad1 (8:A, 12:G, 15:A, 48:C, 53:T, 56:A, 68:C, 89:C,
122:G, 134:T, 143:C, 161:C, 182:G, 200:T, 210:C, 215:
A, 218:T, 222:C, 235:C, 246:C, 257:G, 266:A, 281:C,
287:G, 290:C, 314:C, 320:T, 321:T, 323:A, 344:T, 353:
C, 365:T, 371:T, 386:C, 401:T, 422:C, 428:C, 431:T,
437:C, 458:C, 461:C, 470:C, 471:C, 491:A, 507:G, 508:
T, 509:A, 514:C, 515:C, 524:T, 530:C, 532:C, 533:C,
536:G, 551:C, 554:C, 563:A, 566:A, 569:T), seven diag-
nostic nucleotides at ITS1 (56:C, 60:C, 81:T, 203:G,
242:A, 243:A, 438:C), and two diagnostic homozygous
(424:C) and heterozygous (166:G/T) loci at ANT.

Shell description. Shell length to c. 100 mm. Shell
outline elliptical, elongate-oval to quadrate. Sexually
dimorphic, males more elliptical and females oval to
quadrate. Posterior margin pointed to rounded in
males, broadly rounded to truncate in females. Poste-
rior ridge broadly rounded. Shells thin to slightly thick,
moderately solid and moderately inflated, females often
slightly more inflated than males. Periostracum texture
subglossy, tan to greenish-yellow base overlain with
numerous brown or green wavy rays that are wider at
the margin and are often broken (Howells, 2014).
Nacre usually white, iridescent posteriorly, sometimes
with a salmon or yellowish tint. Umbo broad and ele-
vated above the hinge line, sculpturing (when present)
faint to prominent double-looped or v-shaped ridges.
Umbo cavity shallow to moderately deep. Left valve
with two thin lateral teeth, straight to slightly curved;
two triangular, compressed pseudocardinal teeth. Right
valve with single thin and relatively long lateral tooth,
and one compressed triangular, often serrated pseudo-
cardinal tooth; may have an anterior denticle. Interden-
tum moderately long and narrow.

Soft anatomy description. Mantle creamy white to
light yellow. Aperture margins uniformly dark to some-
times mottled with dark and light pigmented areas.
Females with well-developed mantle flap, coloration
black to dark orange, flap margin papillate, anterior
margin enlarged into a tail-like structure. Males with
rudimentary flap, darker posteriorly, often mottled with
alternating dark and light areas. Incurrent and supra-
anal apertures similar in length; excurrent aperture
shorter than incurrent and supra-anal apertures. Incur-
rent aperture (length 9–19% of shell length) with dark
orange to dark brown medial band on mantle, basal
insertion of papillae light or dark coloured, free papillae
stalks black to orange, papillae elongated and tapered

distally with simple tips, light tan to dark orange.
Excurrent aperture (length 6–10% of shell length) with
broad dark band internally; excurrent aperture papillae
in single row, smaller than incurrent aperture papillae.
Supra-anal aperture (length 9–15% of shell length)
elongate and lacking papillae; opening rimmed with
black or dark grey pigment, sometimes mottled with
alternating dark and light areas. Gills light to dark tan;
female outer gill marsupial, posterior 1/2 utilized as ovi-
sac, ovisac greatly distended, creamy white to tan medi-
ally, dark grey to black on distal margin. Labial palps
short and round (length to height ratio = 1.2–1.8), col-
our light tan to yellow, often translucent.

Remarks. Lampsilis bracteata is listed as threatened
by the state of Texas (TPWD, 2010) and is a candidate
for listing under the U.S. Endangered Species Act
(USFWS, 2009).

Lampsilis hydiana (Lea, 1838) (Figs 7b, 8b, 11b, 12b
and 13b). Common name. Louisiana Fatmucket.
Range. The lower portion of the Mississippi Interior

Basin and its major tributaries (St Francis, White,
Ouachita and Red rivers) and western Gulf coastal riv-
ers (the Mississippi River west to the Nueces River).
Type material. Lectotype: NMNH85010.
Verbatim type locality. “Teche River, Louisiana.”
Material examined. Ouachita River: NRI8079

(n = 1), Bayou Bartholomew, 19.3 air km NNE of
Bastrop, Morehouse Parish, Louisiana, 32.92115,
�91.80633; NRI8507 (n = 1), ASUMZ4573,
ASUMZ4574, ASUMZ4638, ASUMZ4639, Irons
Fork of the Ouachita River, 9.8 air km ENE of Mena,
Polk County, Arkansas, 34.61667, �94.13928. Red
River: NRI8120 (n = 2), Big Pine Creek, 29.5 air km
NNW of Clarksville, Red River County, Texas,
33.86522, �95.14796; NRI8239 (n = 1), Little Cypress
Bayou, 7.4 air km W of Woodlawn, Harrison County,
Texas, 32.67222, �94.42500; NRI8562 (n = 4), Little
River, 5.2 air km N of Idabel, McCurtain County,
Oklahoma, 33.94060, �94.81160; NRI8570 (n = 1),
Blue River, 1.1 air km N of Milburn, Johnston
County, Oklahoma, 34.25089, �96.54951; NRI8684
(n = 2), Barkman Creek, 12.6 air km NW of Texar-
kana, Bowie County, Texas, 33.51062, �94.13741. Cal-
casieu River: NRI8694 (n = 2), Calcasieu River, 2.7 air
km WSW of Oakdale, Allen Parish, Louisiana,
30.80733, �92.68476. Sabine River: NRI8111 (n = 4),
Big Cow Creek, 9.6 air km NW of Newton, Newton
County, Texas, 30.91904, �93.81649; NRI8114
(n = 1), Big Cow Creek, 4.3 air km SW of Newton,
Newton County, Texas, 30.81886, �93.78563;
NRI8117 (n = 2), Caney Creek, 11.8 air km SE of
Newton, Newton County, Texas, 30.77585, �93.66767;
NRI8130 (n = 1), Sabine River, 2.7 air km N of
Deweyville, Newton County, Texas, 30.32133,
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�93.75030; NRI8159 (n = 4), Sabine River, 10.2 air
km WNW of Starks, Calcasieu Parish, Louisiana,
30.34050, �93.76383; NRI8347 (n = 5), Sabine River,
26.8 air km WSW of Singer, Beauregard Parish,
Louisiana, 30.59268, �93.68238; NRI8352 (n = 1),
NRI8393 (n = 1), Sabine River, 10.2 air km WNW of
Starks, Calcasieu Parish, Louisiana, 30.34050,
�93.76383; NRI8399 (n = 4), Sabine River, 9.17 air
km W of Stark, Calcasieu Parish, Louisiana, 30.33145,
�93.75581; NRI8417 (n = 2), Sabine River, 13.1 air
km N of Deweyville, Newton County, Texas,
30.41543, �93.73332. Neches River: NRI8038 (n = 1),
Neches River, 17.8 air km W of Kirbyville, Jasper
County, Texas, 30.65901, �94.07868; NRI8051
(n = 7), Neches River, 15.3 air km W of Kirbyville,
Tyler & Jasper Counties, Texas, 30.64316, �94.05171;
NRI8155 (n = 1), Angelina River, 20.5 km SW of
Nacogdoches, Nacogdoches County, Texas, 31.48693,
�94.82360; NRI8311 (n = 4), NRI8319 (n = 27), Vil-
lage Creek, 3.0 air km ESE of Lumberton, Hardin
County, Texas, 30.25581, �94.17089; NRI8638
(n = 13), Village Creek, 2.3 air km NNE of Lumber-
ton, Hardin County, Texas, 30.28505, �94.19161.
Trinity River: NRI8467 (n = 6), Bedias Creek, 14.7 air
km ESE of Madisonville, Madison County, Texas,
30.88456, �95.77792. San Jacinto River: NRI8029
(n = 1), NRI8464 (n = 8), East Fork of the San Jac-
into River, 18.2 air km S of Coldspring, San Jacinto
County, Texas, 30.42734, �95.12647; NRI8429
(n = 3), Lake Creek, 18.4 air km WSW of Conroe,
Montgomery County, Texas, 30.24400, �95.63000.
Brazos River: NRI8140 (n = 1), Navasota River, 2.7
air km W of Navasota, Grimes County, Texas,
30.38347, �96.13642; NRI8341 (n = 13), NRI8343
(n = 9), Navasota River, 9.4 air km WSW of Iola,
Grimes County, Texas, 30.74558, �96.16711. Guada-
lupe River: NRI8164 (n = 1), NRI8360 (n = 2),
NRI8435 (n = 1), Guadalupe River, 26.3 air km N of
Cuero, Victoria County, Texas, 29.33077, �97.31154;
NRI8700 (n = 1), San Marcos River, 13.1 air km NW
of Gonzales, Gonzales County, Texas, 29.58969,
�97.58514. San Antonio River: NRI8514 (n = 6),
NRI8675 (n = 15), Cibolo Creek, 0.9 air km NNE of
Sutherland Springs, Wilson County, Texas, 29.28090,
�98.05413.

Comparative diagnosis. Lampsilis bracteata and
L. bergmanni sp.n. have similar conchological charac-
ters to L. hydiana; however, L. hydiana tends to have a
thicker shell and is less vividly rayed. These three spe-
cies are not sympatric within their respective ranges.
Lampsilis hydiana is distinguished from L. bracteata
and L. bergmanni sp.n. by six diagnostic nucleotides at
cox1 (7:G, 110:C, 121:G, 253:A, 592:G, 625:G), two
diagnostic nucleotides at nad1 (92:G, 512:T) and two
diagnostic homozygous loci at ANT (166:G, 424:C).

Shell description. Shell length to c. 125 mm (Howells,
2014), usually < 100 mm. Shell outline elliptical to
quadrate. Sexually dimorphic, males more elliptical and
females oval to quadrate. Posterior margin pointed in
males, narrowly to broadly rounded in females, some-
times flattened and truncate. Posterior ridge flat to
slightly curved and shells thin to moderately thick, solid
and slightly inflated (males) to inflated (females).
Periostracum texture subglossy, yellow, brown or olive,
typically with broad to thin, continuous dark rays,
occasionally absent or restricted to the posterior slope.
Nacre white or iridescent, occasionally with blue-grey
mottling. Umbo elevated slightly above hinge line,
moderately full and high; sculpturing (when present)
comprising double looped, parallel ridges. Umbo cavity
shallow to moderately deep. Left valve with two, thin to
moderately thick lateral teeth, straight to slightly
curved, the ventral tooth often substantially larger; two,
triangular compressed to thick pseudocardinal teeth.
Right valve with a single thin, slightly curved, relatively
long lateral tooth. One, compressed to large, triangular,
blade-like or serrated pseudocardinal tooth; frequently
with an enlarged anterior denticle often reported as a
second pseudocardinal tooth. Interdentum long, about
1/2 the length of lateral teeth, and narrow.

Soft anatomy description. Mantle creamy white to
light tan; aperture margins uniformly dark or banded
with alternating dark and light pigmented areas.
Females with well-developed mantle flap, coloration
black to dark orange, flap margin papillate, anterior
margin enlarged into a tail-like structure. Males with a
rudimentary flap or flange bearing papillae, lighter
coloured anteriorly progressing to a darker yellowish
orange posteriorly. Supra-anal aperture usually longer
than incurrent and excurrent apertures; incurrent aper-
ture longer than excurrent aperture. Incurrent aperture
(length 8–14% of shell length) with dark to very dark
medial band on mantle, basal insertion of papillae
lighter, free papillae stalks black to reddish brown, pri-
mary papillae (medial row) conical and elongate with
simple or bifurcate tips, secondary papillae (distal row)
elongate and simple or bifurcate, papillae distal tips
often light grey. Excurrent aperture (length 7–11% of
shell length) with broad band of dark pigment inter-
nally, excurrent aperture papillae in single row and
smaller than incurrent aperture papillae. Supra-anal
aperture (length 10–17% of shell length) elongate and
lacking papillae, supra-anal opening rimmed with black
or dark grey pigment, sometimes mottled with alternat-
ing dark and light areas. Gills light to dark tan. Female
outer gill marsupial, posterior 1/3 to 1/2 utilized as ovi-
sac, ovisac greatly distended, creamy white to tan medi-
ally, dark grey to black on distal margin. Labial palps
elongated (length: height = 1.5–2.0), colour opaque
creamy white, sometimes translucent.
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Remarks. Lampsilis hydiana was considered stable
throughout its range by Williams et al. (1993). Cur-
rently, L. hydiana is not of conservation concern and
is not protected at the state or federal level.

Discussion

Our examination of L. bracteata and L. hydiana
revealed that L. bracteata is not monophyletic but
includes an undescribed species L. bergmanni. Lamp-
silis bracteata and L. bergmanni are genetically distinct
from each other and did not form sister taxa. Lamp-
silis bracteata is a basal taxon of the Bracteata Line-
age, whereas L. bergmanni is a member of the Hydiana
Lineage. Despite the high genetic divergence between
L. bracteata and L. bergmanni, we were unable to con-
sistently differentiate the two using shell morphology
or soft anatomy. Based on these data, we conclude
that L. bracteata is restricted to tributaries of the Col-
orado River basin and L. bergmanni is endemic to the
Guadalupe River basin upstream of New Braunfels,
Texas.
We found that L. bergmanni is genetically distinct

from L. hydiana, and formed a basal clade to L. hydi-
ana, L. straminea and L. virescens in BI and ML trees.
The genetic divergence is comparable to or greater
than ones between other closely related mussel species
(Jones et al., 2006b; Inoue et al., 2014; Pieri et al.,
2018). Unlike our comparisons between L. bracteata
and L. bergmanni, we found significant differences in
shell morphology and soft anatomy between
L. bergmanni and L. hydiana. Our L. hydiana samples
included a wide geographical range from the Ouachita
River to the San Antonio River; however, we did not
observe phylogeographical structure within the species,
suggesting the presence of active or recent gene flow
between basins. Interestingly, L. bergmanni was geneti-
cally distinct from the Guadalupe River L. hydiana.
We found genotypes for L. bergmanni only in the
upstream reaches of the Guadalupe River and its
tributaries, whereas L. hydiana genotypes were in the
downstream portion of the Guadalupe River and its
tributaries including the San Marcos River. Based on
these results, L. bergmanni likely occurs only in por-
tions of the Guadalupe River basin on the Edwards
Plateau, above the Balcones fault line.
Within Lampsilis, phylogenetic relationships among

species generally agree with current taxonomy. How-
ever, we found several groups of species requiring fur-
ther taxonomic assessment. For example, our genetic
results showed that L. cardium and L. satura were clo-
sely related and did not form reciprocally mono-
phyletic clades. The distribution of L. satura is
restricted to western Gulf coastal rivers (tributaries of
the Red River west to the San Jacinto River; Vidrine,

1993; Howells, 2014), whereas L. cardium has a wide
distributional range (Watters et al., 2009). However,
the current study had small sample sizes and limited
spatial coverage for these species. We recommend
careful re-examination of these taxa before taxonomic
revisions. Additionally, our results showed that
A. ligamentina was nested within Lampsilis and sister
to L. higginsii, which is congruent with previous stud-
ies (Chapman et al., 2008; Boyer et al., 2011). The
validity of Actinonaias species in the USA and Canada
has been questioned because of their disjunct distribu-
tions from the type species of the genus, Actinonaias
sapotalensis (Lea, 1841) from the R�ıo Papaloapan in
Veracruz, Mexico (Williams et al., 2017). Further
investigation that includes Mexican Actinonaias species
is required to elucidate the generic assignment of spe-
cies in the USA and Canada.

Forces driving speciation of the genus Lampsilis

Past geological events such as river capture and
diversion are potentially key evolutionary forces for
stream-dwelling taxa to expand their ranges and ulti-
mately diversify their lineages (Hughes et al., 2009).
Major diversifications within the genus Lampsilis
occurred between the Oligocene and Pliocene epochs
(30–2.5 Ma), where the Bracteata Lineage was sepa-
rated from the Hydiana Lineage around the middle
Oligocene. During the Paleocene to Eocene epochs
(66.0–33.9 Ma), the ancestral Mississippi River basin
had begun to develop river flow from the northern
Rocky Mountains and northern margin of the Appala-
chian Mountains to the Gulf of Mexico (Galloway
et al., 2011; Bentley et al., 2016). By the early Miocene
epoch (~23 Ma), the Mississippi fluvial system estab-
lished drainage patterns similar to the present-day
Mississippi River and became one of the dominant
sources of sediment to the Gulf of Mexico basin (Bent-
ley et al., 2016). The initial diversification between the
Bracteata and Hydiana Lineages corresponds to evolu-
tion of the Mississippi River in the middle Oligocene
to early Miocene epochs, and species continued to
diversify during the Miocene to Pliocene epochs.
Given that both lineages are composed of species that
are currently distributed widely in North America (i.e.
from western Gulf of Mexico coastal rivers to Atlantic
coastal rivers), the initial diversification of the lineages
continued across the Mississippi River and its adjacent
river basins during the Miocene and Pliocene epochs.
During the early Miocene, the Edwards Plateau of

central Texas was elevated, which created the ancient
Guadalupe and Colorado River basins that followed
courses similar to their modern counterparts (Woo-
druff and Abbott, 1979; Galloway et al., 2011). The
creation of these river basins in the Edwards Plateau
likely isolated the ancestral L. bracteata lineage from
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the rest of the Bracteata Lineage in the ancient Missis-
sippi River. Similar isolations are predicted in other
aquatic taxa, particularly in leuciscid fishes, in the
Edwards Plateau and western Gulf coastal rivers
(Richardson and Gold, 1995; Schonhuth and Mayden,
2010; Hoagstrom et al., 2013; Osborne et al., 2016).
Consequently, rivers of the Edwards Plateau currently
harbour a high number of endemic aquatic species,
which evolved along with the formation of the plateau
during the Miocene and Pliocene epochs. In contrast,
L. bergmanni, which also is endemic to the Edwards
Plateau, diversified from ancestral L. hydiana more
recently—in the later Pliocene to the early Pleistocene
epochs. Climate change and glaciation during this per-
iod caused fluctuating sea levels of the Gulf of Mexico,
which led to stream capture events in this region
(Woodruff, 1977). These climatic events, in turn, may
have led to the diversification of L. bergmanni from
L. hydiana and its isolation in the upstream portion of
the Guadalupe River.

Hidden biodiversity in freshwater mussels

Recent molecular systematics of unionid mussels has
identified cryptic species (Smith et al., 2017), refined
taxonomy and systematics for various groups (Perkins
et al., 2017; Pieri et al., 2018), and advanced our
understanding of species diversity in freshwater mus-
sels (Lopes-Lima et al., 2017; Inoue et al., 2018).
Ecophenotypic plasticity in shell morphologies of
freshwater mussels has been well-documented and can
occur based on stream position and/or habitat (Utter-
back, 1917; Ortmann, 1920; Ball, 1922). This variation
has caused taxonomic confusion, which resulted in the
overestimation of species-level diversity (Inoue et al.,
2013; Johnson et al., 2018). Because early taxonomists
relied almost exclusively on morphological characters,
> 4000 species have been described, of which ~840 spe-
cies are currently recognized (Graf and Cummings,
2007). Three types of morphometrics analyses were
used in the current study, and Fourier morphometrics
outperformed the other methods. We were able to sta-
tistically differentiate L. hydiana from L. bracteata and
L. bergmanni, but not between L. bracteata and
L. bergmanni. The inability to statistically differentiate
the two species morphologically explains why
L. bergmanni has been long confused with
L. bracteata. The similarity in morphology between
the two species is likely in response to environmental
conditions as both L. bracteata and L. bergmanni
occur in small creeks and upstream reaches of med-
ium-sized rivers; these species generally occur in sub-
strates comprising sand, mud and gravel among large
cobbles or in some cases within horizontal cracks in
bedrock slabs (Howells, 2010). Utilizing molecular sys-
tematics, there will likely be more taxonomic changes

to come, particularly in understudied regions such as
Mexico, Central and South America, and Asia (Bolo-
tov et al., 2017; Pfeiffer et al., 2018; Huang et al.,
2019). The current study reiterates the importance of
conducting molecular systematic studies and provides
an example of underestimating the species diversity of
freshwater mussels.

Implication for conservation

At its core, species conservation relies on the ability
of biologists and their stakeholders to distinguish one
species from another (Johnson et al., 2018). The
results of this study indicate the presence of unde-
scribed cryptic diversity within the Hydiana Lineage of
Lampsilis, which has important conservation implica-
tions. First, the geographical range of L. bracteata is
now reduced, comprising only a few tributaries of the
Colorado River, all of which are generally reliant on
spring and groundwater inputs to maintain base flows.
Excessive water extraction in parts of the Edwards
Plateau poses a significant challenge to maintenance of
base flows and will likely impact the long-term persis-
tence of L. bracteata, resulting in further reductions in
its geographical distribution within this region. A
recent study in the San Saba River, a tributary of the
Colorado River on the Edwards Plateau, found that
stream intermittency caused by excessive groundwater
pumping has reduced the range of L. bracteata in the
river (Randklev et al., 2018). For L. bracteata popula-
tions, we did not observe significant phylogeographic
structure at mtDNA and nDNA sequence levels, indi-
cating currently active or relatively recent gene flow
among populations. However, given its current spo-
radic and restricted distribution due to anthropogenic
factors, genetic markers used in the study might not
detect recent diversification of populations. Additional
population genetics studies using variable genetic
markers (e.g. microsatellites or restriction-site associ-
ated DNA (RAD)) are warranted to understand fine-
scale population genetic structure and genetic connec-
tivity among populations. Such information is useful
in future recovery efforts that may include captive
propagation, augmentation and reintroduction (Jones
et al., 2006a; McMurray and Roe, 2017). Furthermore,
our findings indicate that L. bergmanni has a restricted
distribution limited to upstream reaches of the Guada-
lupe River and its tributaries west of the Balcones
fault line. The range of L. bergmanni likely has been
severely reduced by the construction of Canyon Lake
and several run-of-the-river reservoirs that in all prob-
ably eliminated large swaths of habitat for the species.
Currently, L. bergmanni can be found at a number of
locations throughout the range, most of which have
low abundance. Based on its overall restricted distribu-
tion and limited number of known populations,
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L. bergmanni warrants evaluation for listing at both
the state and federal levels.
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