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Introduction 

Freshwater mussels (Unionidae) have experienced dramatic declines in both abundance 

and distribution throughout North America over the last century, due in part to their extreme 

sensitivity to pollution and other environmental changes.  Of the 297 currently recognized 

species, 12% may now be extinct, 23% are listed as threatened or endangered, and ~43% are in 

need of conservation status (Williams et al. 1993; Neves et al. 1997; Vaughn 1997). Texas is 

home to 52 of the 297 species (Howells et al. 1996).  Eleven of those 52 are currently under 

review by the U.S. Fish and Wildlife Service to determine if federal threatened or endangered 

listings are warranted. About half of those 11 occur only in Texas. The demise of many species 

has been linked to a lack of critical information on life-histories, habitat use, and taxonomic 

confusion (Warren Jr. et al. 2000). While much of our previous work (Bertram et al. 2017; 

Marshall et al. 2018) focused on elucidating the life-histories of Texas freshwater mussels by 

determining likely fish hosts for glochidia or assessing habitat use via ecological niche modeling 

(e.g., Walters et al. 2017), one question that remains regards the taxonomic relationship between 

the Texas Pigtoe (Fusconaia askewi) and the Critically Imperiled Triangle Pigtoe (F. lananensis 

) (G1S1), both of which are listed as threatened in Texas.  This work resolves the relationship 

between these two species using a large genomic dataset, which is then used to make ecological 

niche models based on the new data.  This is important because the habitat needs of the 

aggregated species complex may be different from the habitat needs of the two groups when they 

are parsed out into different species (Walters et al. 2017). 

The Texas Pigtoe is a big river species endemic to east Texas rivers and is abundant in 



the Sabine and Neches Rivers.  Morphologically, it is very difficult to distinguish from the 

Triangle Pigtoe, which overlaps its distribution in the southern part of its range.  Specifically, the 

Triangle Pigtoe is endemic to the Neches drainage basin of east Texas and has been recorded in 

the Angelina River, Attoyac Bayou and southern tributaries of the Neches such as Village Creek 

(Vidrine 1990; Howells 2006; Karatayev and Burlakova 2007).  Given the morphological 

similarities between these two pigtoes, Burlakova et al. (2012) and Pieri et al. (2018) explored 

their genetic similarities in an attempt to determine if the they are indeed separate species. They 

both found low enough interspecific variation that they recommended folding the two into one 

single species; however, their recommendations is based on only two mitochondrial genes and 

part of a nuclear gene, which represent a very small fraction of the genomes of these species, and 

may show divergence patterns incongruent with other markers (e.g., nuclear sequences, AFLPs, 

SNPs, microsatellites, etc.).  Further, even if we were to accept their genetic analyses, there is 

still much morphological and ecological data that support the current classification of the two as 

the separate species they are currently considered (Howells et al. 1996; Ford 2013). Therefore, 

the debate as to their taxonomic status lingers. The goal of this project was to provide a thorough 

sampling of genomic data to resolve the taxonomic relationship between the Texas and Triangle 

Pigtoe.  We then created an ecological niche model informed by the genomics. To accomplish 

this task, we used the company SNPSaurus1 to perform Nextera-tagmented, reductively-

amplified DNA (nextRAD) genotyping (Russello et al. 2015), which allowed us to obtain 

genome-wide single-nucleotide DNA polymorphisms (SNPs) for each of our specimens. 

Genome-wide SNPs provide more reliable phylogenetic and population genetic information than 

one or a few gene sequences (Brito and Edwards 2009). This allows large numbers of genetic 
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variations such as single nucleotide polymorphisms (SNPs) to be readily identified (Miller et al. 

2007; Baird et al. 2008; Davey et al. 2011).  Because nextRAD markers are not based on any 

single individual genes, but rather are an aggregation of loci genome-wide, they provide an 

unbiased perspective on the overall patterns of relatedness of individuals to one another (Steane 

et al. 2011) and can therefore be key to resolving taxonomic questions (Rubin et al. 2012).  In 

fact, very closely related taxa such as the Triangle Pigtoe and Texas Pigtoe are perfect for a 

nextRAD phylogenetic approach, which has been shown to be reliable in such circumstances 

(Rubin et al. 2012). 

Our project addressed the following three questions: (1) What is the relationship between 

Texas Pigtoes and Triangle Pigtoes? Are they separate species/subspecies or a single species? If 

they are separate species/subspecies, are there misidentified specimens revealed by the genome-

wide taxonomic analysis that can now be properly classified? (2) What are the habitat 

requirements for these taxa, in light of the information about their taxonomic statuses, when their 

habitat preferences/tolerances are modeled in accordance with this new information? (3) Does 

habitat suitability accurately predict the presence/absence of these mussels?  

Our project had three specific objectives, which match the research questions listed 

above. They are: (1) Resolve the taxonomy of the state threatened Texas Pigtoe (Fusconaia 

askewi) and the state threatened and critically imperiled Triangle Pigtoe (F. lananensis); (2) 

Refine niche models based on phylogenomic data; (3) Verify whether the mussels are found at 

locations where the habitat is predicted to be the most suitable and not found at less suitable 

locations. 

 

Materials and Methods 



 

Genomics. Our collections for genomic analysis were from throughout East Texas, from 

the Sulphur River, Big Cypress Creek, Sabine River, Neches/Angelina Rivers, Trinity River, and 

San Jacinto River watersheds (Figure 1). The collection consisted of 27 Texas Pigtoe and 13 

Triangle Pigtoe specimens, as well as eight inconclusive specimens that were either Texas 

Pigtoe, Triangle Pigtoe, or Texas/Triangle Pigtoe hybrids (Table 1). In order to understand the 

Texas-Triangle Pigtoe relationship in a broader context, the collection also included 14 Trinity 

Pigtoe (Fusconaia chunii), seven Wabash Pigtoe (Fusconaia flava), and three Louisiana Pigtoe 

(Pleurobema riddellii) specimens. 

We identified thousands of single nucleotide polymorphism (SNP) markers genome-wide 

for each specimen. Genome-wide SNPs provide more reliable phylogenetic and population 

genetic information than one or a few gene sequences (Brito and Edwards 2009). We extracted 

DNA from the specimens using illustra™ tissue & cells genomicPrep mini spin kits. Then we 

used the company SNPSaurus2 to perform Nextera-tagmented, reductively-amplified DNA 

(nextRAD) genotyping (Russello et al. 2015), which allowed us to obtain genome-wide single-

nucleotide DNA polymorphisms (SNPs) for each of our specimens. The SNPSaurus methods 

were as follows. Genomic DNA was converted into nextRAD genotyping-by-sequencing 

libraries as in Russello et al. (2015). Genomic DNA was first fragmented with Nextera reagent 

(Illumina, Inc), which also ligates short adapter sequences to the ends of the fragments. The 

Nextera reaction was scaled for fragmenting 15 ng of genomic DNA. Fragmented DNA was then 

amplified for 26 cycles at 73 degrees, with one of the primers matching the adapter and 

extending 9 nucleotides into the genomic DNA with the selective sequence GTGTAGAGC. 
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Thus, only fragments starting with a sequence that can be hybridized by the selective sequence of 

the primer will be efficiently amplified. The nextRAD libraries were sequenced on a HiSeq 4000 

with one lane of 150 bp reads (University of Oregon). The genotyping analysis used custom 

scripts (SNPsaurus, LLC) that trimmed the reads using bbduk (BBMap tools, 

http://sourceforge.net/projects/bbmap/)3. Next, a de novo reference was created by collecting 10 

million reads in total, evenly from the samples, and excluding reads that had counts fewer than 8 

or more than 1000. The remaining loci were then aligned to each other to identify allelic loci and 

collapse allelic haplotypes to a single representative.  All reads were mapped to the reference 

with an alignment identity threshold of 90% using bbmap (BBMap tools). Genotype calling was 

done using Samtools4 and bcftools5. The vcf was filtered to remove alleles with a population 

frequency of less than 15%. Loci were removed that were heterozygous in all samples or had 

more than 2 alleles in a sample (suggesting collapsed paralogs). The resulting dataset had 10,500 

genome-wide SNPs for each specimen, although we thinned it down one SNP per nextRAD 

fragment (for a total of 483 SNPs) in order to reduce redundant genomic information (Takeuchi 

et al. 2005). 

We used two approaches for phylogenetic analysis of our specimens. First, we used a 

straightforward, “total evidence” approach by concatenating loci into a single matrix and 

inferring a maximum likelihood phylogeny using RAxML (Stamatakis 2014). This approach 

provided a single tree that averages the phylogenetic signal from across the genome, but may 

obscure more nuanced variation from individual loci, such as might arise from evolutionary 

phenomena like incomplete lineage sorting. Second, we used the program Bayesian Evolutionary 

                                                
3 The settings were: bbmap/bbduk.sh in=$file out=$outfile ktrim=r k=17 hdist=1 mink=8 
ref=bbmap/resources/nextera.fa.gz minlen=100 ow=t qtrim=r trimq=10 
4 The settings were: samtools mpileup -gu -Q 12 -t DP,DPR -f ref.fasta -b samples.txt 
5 The settings were: bcftools call -cv - > genotypes.vcf 



Analysis by Sampling Trees (BEAST) (Bryant et al. 2012), with the add-on package SNP and 

AFLP Package for Phylogenetic analysis (SNAPP) (Bryant et al. 2012) to infer species trees and 

species demographics from independent (unlinked) biallelic markers such as well spaced SNPs 

(Bryant et al. 2012). This program implements a full coalescent model, but uses a novel 

algorithm to integrate over all possible gene trees, rather than sampling them explicitly. 

Following Yoder et al. (2013), we analyzed our SNP data using a multispecies coalescent 

approach in SNAPP version 1.3.0 within BEAST2 v2.3.2. The analysis used the GTR model of 

evolution and proceeded for 10,000,000 generations with 1,000,000 (10%) discarded as burnin. 

The full SNP data were converted to a 0, 1, 2 format for analysis, with 1 representing a 

heterozygous genotype. Once the program completed, the results were analyzed in Tracer 

(Drummond and Rambaut 2007) for performance and accuracy (not shown). 

In addition to phylogenetics, we used the program STRUCTURE (Pritchard et al. 2000; 

Porras-Hurtado et al. 2013) to estimate the admixture (in other words, the hybrid ancestry) of 

each specimen. Because STRUCTURE does not require a priori placement of taxa into groups, 

this program is appropriate for uncovering historic patterns of gene flow across the genome. We 

determined the optimal number of inferred ancestral groups, or clusters, by trying different 

numbers of clusters, ranging from 1-20. We found that the increase in the likelihood (i.e., the 

lowest log-likelihood; Sokal and Rohlf 1995) levelled off at four groups (data not shown). 

STRUCTURE uses the chosen number of clusters, in this case four, to assign “membership 

coefficients” to each specimen. The coefficients correspond to the proportion of the genome 

contributed to that specimen by each inferred ancestral group, or cluster, and they sum to one. 

Ecological Niche Modeling. Next we created a habitat suitability map (also called 

ecological niche model) for Texas Pigtoe. We did not create an ecological niche model for 



Triangle Pigtoe, because the genomics results told us that it is synonymous with Texas Pigtoe 

(see results below). Therefore, we modeled them together as one species, which we termed F. 

askewi (Texas Pigtoe). We used the Maxent method for ecological niche modeling, which uses a 

general-purpose machine learning method that estimates the probability of a species distribution 

by finding the probability of a distribution that is closest to uniform and then altering one 

environmental variable at a time repeatedly to maximize the likelihood of the occurrence dataset 

(Hernandez et al. 2006; Phillips et al. 2006). Maxent produces a heat map that visualizes a fitted 

cloglog link function relating the environmental data to the habitat suitability of every parcel of 

the landscape (at the grain size of the environmental data) (Phillips 2017). The habitat suitability 

scores range on a scale from zero (most unsuitable) to one (most suitable). 

This study focused on the associations of environmental factors with mussel distributions 

at a relatively fine-grained resolution (100 m2 x 100 m2 resolution), where local habitat 

parameters including water velocity, depth, and substrate type are commonly thought to 

influence mussel abundance and distribution (Vannote and Minshall, 1982; Holland-Bartels, 

1990; Strayer and Ralley, 1993; Strayer et al., 1994). The analysis was restricted primarily to the 

Trinity, Cypress, Sulphur, Sabine, Neches, and Angelina rivers and their associated watersheds 

(Figure 2). We used only those Texas Pigtoe specimens that were less than 10% admixed 

(hybridized) with other species, as inferred from the STRUCTURE analysis. This is so we would 

model “pure” representatives of the species and not hybrids to any appreciable degree. To 

minimize autocorrelation at 1km, we used the ‘thin’ function of the package spThin (Aiello-

Lammens et al. 2015) in R version 3.5.2 (R Core Team 2019).  

We modeled the suitability of habitat for the Texas Pigtoe as a function of continuous soil 

variables from the SSURGO database (United States Department of Agriculture et al. 1995), 



continuous hydrology variables from the NHDFlowline database (US Environmental Protection 

Agency (USEPA) and US Geological Survey (USGS) 2005), and continuous climate variables 

from the WorldClim database (Hijmans et al. 2005). We also included geology characteristics 

(Horton 2017), landform (Hammond 1964), and vegetation type (U.S. Geological Survey Gap 

Analysis Program 2016) as categorical variables. Finally, we included the distributions of the 

two confirmed fish hosts for Texas Pigtoe, the Blacktail Shiner (Cyprinella venusta) and the Red 

Shiner (Cyprinella lutrensis) (Bertram et al. 2017) as continuous variables. The full list of 

environmental variables is in the supplementary data. 

We followed the approach outlined in Walters et al. (2017), wherein the layers are 

clipped to constrain them to a 100-meter distance around rivers and streams, delineated by the 

NHDFlowline dataset (US Environmental Protection Agency (USEPA) and US Geological 

Survey (USGS) 2005). The resolution of the models was 100m x 100m. We ended up with nine 

distinct GPS locations of genomically confirmed specimens of Texas Pigtoe (not hybrids) 

(Figure 2) (Table 2); two sites had to be thrown out because they lay outside of the lotic buffer 

for which we had environmental data (not shown). All layers and data points were converted to 

the Universal Transverse Mercator coordinate system (Buchroithner and Pfahlbusch 2017) using 

the projection for zone 15 North and the datum North American Datum 1983 (Junkins and 

Garrard 2006). 

In order to include the distributions of the Blacktail Shiner and the Red Shiner in our 

niche model for the Texas Pigtoe, we first performed ecological niche modeling on the 

individual fish species and used the resulting habitat suitability maps of each species as layers in 

the Texas Pigtoe model. Therefore, the ecological niche model for the Texas Pigtoe contains two 

more environmental layers than the ecological niche models for the Blacktail Shiner and Red 



Shiner (namely, the habitat suitability maps from the ecological niche models of the two fish 

species). Otherwise the modeling procedures for the fish and the Texas Pigtoe were generally the 

same. The locations used for ecological niche modeling of the fish species came from the Fishes 

of Texas database (Hendrickson and Cohen 2015) and included only those locations since 1990 

that fell within our study area. We thinned the fish locations to be at least 1 km apart from one 

another as described above. The locations of the fish points used for modeling are included in the 

supplementary data as shape file packages (“red shiner.zip” and “blacktail shiner.zip”). 

To avoid model overfitting and other problems, we included only continuous 

environmental layers that had Pearson correlation coefficients of |0.60| or less (see the 

supplementary data). We performed the correlation analysis using ENMTools version 1.4.4 

(Warren et al. 2010). This left us with 25 continuous variables, and three categorical variables, 

that we used for modeling both the fish and Texas Pigtoe. We also added the two fish 

distribution layers derived from this modeling approach to the model for Texas Pigtoe. Thus 

there were 28 layers used for modeling the fish species, and 30 layers used for modeling Texas 

Pigtoe (i.e., the Texas Pigtoe model used the same 28 layers that were used for the fish models, 

plus two fish distribution layers derived from the two fish models) (see the supplementary data).  

Models were validated using the test AUC, or the area under the operator receiving curve. 

AUC measures the probability that a randomly chosen presence site will be ranked above a 

randomly chosen pseudoabsence site (Pearson et al. 2007). The test AUCs represent the average 

percentage of the pseudoabsence data with lower habitat suitability scores than “test” presence 

locations left out of the model building process for each model fold. Importantly, this model 

validation procedure is based on data points (test data) that were naïve to the model building 

process for each model fold. 



The final models were confirmed with cross-validation, where the data are split into k 

independent subsets, and for each subset, the model is trained with k – 1 subsets and evaluated 

on the kth subset (Merow et al. 2013). For the fish species, which had very large numbers of 

occurrences, we used k = 10 equal-sized model folds, where all samples are included in the 

training and test sets at least once, iteratively. Model statistics were then averaged across the k 

folds. For Texas Pigtoe, the number of genomically-informed presence locations was small (only 

nine). Therefore, we used a “leave-one-out” or “n-1” cross-validation method, as previously 

described by Pearson et al. (Pearson et al. 2007), which is appropriate for small sample sizes. 

Specifically, we set k to equal the number of samples, so that each of the k folds contained n -1 

observations, where n is the total sample size. This means that each fold only had a single test 

data point, and that each observation was the test data point, in turn, for a separate fold. Model 

statistics were then averaged across the k folds. 

To quantify the relative importance of the individual environmental variables to the 

models, the fit of each full model was compared to reduced univariate models (Phillips and 

Dudik 2008). If an environmental variable accounted for a substantial portion of the model fit 

when modeled by itself (as compared to the full model that was based on all the environmental 

variables), then the environmental variable was considered important in determining the varying 

habitat suitability of the landscape for that model (Phillips and Dudik 2008). 

 Model fit was measured with the gain statistic. Gain is a likelihood (deviance) statistic 

that measures the model performance compared to a model that assigns equal habitat suitabilities 

to all areas of the landscape. Taking the exponent of the final gain gives the (mean) probability 

of the presence sample(s) compared to the pseudoabsences. For instance, a gain of 3 means that 

an average presence location has a habitat suitability of e3 = 20.1 times higher than an average 



pseudoabsence site. Test gains should be positive; a negative test gain means that the variable 

modeled by itself does a worse job at predicting species occurrence points than a uniform 

distribution (i.e., one that assigns every pixel the same habitat suitability score). 

 Ground-truthing. We verified that the genomically-informed habitat suitability map for 

Texas Pigtoe accurately assigns higher habitat suitabilities to areas where Texas Pigtoe is found 

than to areas where it is not found. Importantly, this effort was based upon independent data that 

was newly collected and was not used in the ecological niche modeling effort. This means that 

different data was used to make the habitat suitability map than was used to verify it. The new 

sites were never visited before as part of any other modeling efforts. We visited a total of 25 sites 

(Figure 3), which included ones the habitat suitability map deemed highly suitable as well as 

ones deemed less suitable, such that we had a diversity of sites with different levels of habitat 

suitability represented in our ground-truthing efforts (Table 3). 

We analyzed the ground-truth data using two approaches: t-tests comparing the habitat 

suitability of areas where the Pigtoes were found to the areas where the Pigtoes were not found 

(Sokal and Rohlf 1995), and logistic regression of the Pigtoes’ presence/absence as a function of 

habitat suitability (Cox 1958). The habitat suitabilities were extracted from the habitat suitability 

map for Texas Pigtoe. The t-test provided a P-value for the hypothesis that areas where the 

Pigtoes are found have higher habitat suitabilities than areas where they are not found. The 

logistic regression provided a P-value for the hypothesis that areas with higher habitat 

suitabilities are more likely to have Pigtoes than areas with lower habitat suitabilities. 

 

Results 

 



Genomics. The maximum likelihood and Bayesian coalescence-based phylogenies 

yielded different topologies and had many unresolved nodes (Figures 4 and 5, respectively). This 

means that the phylogenetic analyses did not yield clear pictures of the relationships among 

species. This is not surprising, however, given that there is evidence of hybridization among 

them (see below). Phylogenetic software does not handle hybridization and heterozygosity well 

(Lischer et al. 2014). But whereas the genomic results were inconclusive, the results based on 

Bayesian cluster analysis, which are more appropriate in this circumstance, were more definitive.  

The Bayesian cluster results (STRUCTURE) show that Texas and Triangle Pigtoe are not 

differentiated genomically (Figure 6, top). They cluster together as the same species, which is 

indicated by the color red. The Trinity Pigtoe specimens cluster together as indicated by the color 

yellow, the Wabash Pigoes cluster together as indicated by the color blue, and the Louisiana 

Pigtoe specimens cluster together as indicated by the color green. The results suggest that there is 

hybridization among all of the species with one another, as indicated by the diversity of ancestors 

(colors) comprising many of the individuals (columns in Figure 6; Table 4). Other noteworthy 

results are as follows: 

• Louisiana Pigtoe: the analysis reveals admixture between Louisiana Pigtoe and the other 

mussels analyzed. Traces of its ancestry (represented by the green color) can be seen in 

several specimens collected from Neches and Angelina Rivers (Figure 6 bottom), and 

conversely Texas and Trinity Pigtoe ancestries can be seen in one of the Louisana Pigtoe 

specimens (Figure 6; Table 4). 

• Trinity Pigtoe: the analysis reveals admixture between Trinity Pigtoe and the other 

mussels analyzed. High amounts of Wabash Pigtoe and Texas Pigtoe ancestry are found 

in several Trinity Pigtoe specimens. Specifically, high amounts of Wabash Pigtoe 



ancestry are found in Trinity Pigtoe specimens in the Trinity and San Jacinto watersheds; 

high amounts of Texas Pigtoe ancestry are found in Trinity Pigtoe specimens in the 

Trinity watershed (Figure 6 bottom; Table 4). 

• Specimens from the San Jacinto watershed were hybrids of Trinity Pigtoe and Wabash 

Pigtoe, rather than just Texas Pigtoe specimens as we had assumed (Figure 6, Table 4). 

Trinity Pigtoe has not been identified in the San Jacinto watershed before to our 

knowledge. 

Ecological niche modeling. The ecological niche modeling results for the fish species 

are available in the supplementary data. We will focus here on the ecological niche modeling 

results for Texas Pigtoe. We found that the test gain for the model with only 

gypsumcombinedraster had a highly negative test gain (see the supplementary data), indicating 

that it was dragging down the model fit. Therefore we removed this layer and re-ran the model 

and that is what we report here.  

The average test AUC for the full model was 0.87, indicating that the model is useful 

(Elith 2002). The model agrees with our previous research (Walters et al. 2017), showing that the 

most suitable Texas Pigtoe habitat is in the upper Sabine, upper Neches, and Angelina Rivers 

(Figure 7). The most important variables contributing to the test gain of the full model were: 

geologic type, soil erodibility, base flow, Blacktail shiner distribution, landform, stream velocity, 

soil calcium carbonate concentration, and stream volumetric flow rate (Table 5). Response 

curves are available in the supplementary data. The geologic types associated with Texas Pigtoe 

habitat suitability were sand and alluvium. Along with this, their habitat suitability increased 

with increasing erodibility of the surrounding soil. Their habitat suitability increased as the 

percentage of the stream’s total volume comprised of groundwater increased relative to 



precipitation runoff. They were associated with locations that were more suitable for the 

Blacktail shiner, one of their hosts. They were associated with one particular type of landform: 

one particular type of irregular plains, where 50-75% of gentle slope is in upland. They are 

associated with higher stream velocities, lower soil calcium carbonate levels, and higher stream 

volumetric flow rates corresponding to larger rivers. 

Ground-truthing. On average, the ground truth locations where Texas Pigtoe were 

found had higher habitat suitability than the ground truth locations where it was not found 

(Figure 8). The trend was suggestive but was not statistically significant, either by the t-test P-

value or by the logistic regression P-value. 

 

Discussion 

 

Genomics. In summary, the results presented here show that Texas and Triangle Pigtoe 

are synonymous. This has been suggested by other researchers (Burlakova et al. 2012; Pieri et al. 

2018), but the prior research was inferred from the analysis of one or a few genes, which can be 

inconclusive or misleading when taxa are closely related (Pamilo and Nei 1988; Maddison 1997; 

Shaw 2002; Brito and Edwards 2009; Wiens et al. 2010; Swenson and El-Mabrouk 2012; 

Mitchell and Gonder 2013). In other words, while phylogenies based on one or a few genes can 

tell genera apart, they cannot necessarily tell species apart. Phylogenies based on one or a few 

genes may inappropriately lump species together in ways that do not reflect their true ancestries. 

Thus our study with genome-wide data is more definitive, and we believe it is now warranted to 

collapse the two species into one. The Bayesian cluster analyses in particular demonstrated that 

the two entities are synonymous. They did not have different ancestral groups that distinguish 



them, although the other species did have different ancestral groups that distinguish them from 

Texas/Triangle Pigtoe. We will refer solely to Texas Pigtoe for the rest of this report, and it will 

include both Texas Pigtoe and Triangle Pigtoe specimens. 

The Bayesian cluster analysis also revealed evidence of hybridization among species. 

Hybridization is a risk factor for extinction of a rare species, because its distinct gene pool may 

become lost (Rhymer and Simberloff 1996; Fitzpatrick et al. 2015; Todesco et al. 2016; 

Galaverni et al. 2017). We found that most of our Texas Pigtoe specimens, which were the focus 

of this study, showed evidence of hybridization with other species. The unique gene pool of 

Texas Pigtoe may be at risk of genetic swamping, and this has not been documented before. 

Uniquely it is our genome-wide approach that allowed us to come to this conclusion. The next 

steps regarding what to do about this hybridization lie outside the scope of this grant, but we 

believe we have presented conclusive genomic evidence that it is occurring among all of the East 

Texas endemic species included in our dataset. We believe plans should be made to mitigate 

hybridization among species, by, for instance, finding areas of allopatry among species and 

monitoring the populations over time, both genetically with traditional field observations, to 

ensure that other species or their genes do not move in to those areas. 

While the focus of our efforts was on Texas Pigtoe, we had some noteworthy 

hybridization results involving Louisiana Pigtoe. Louisana Pigtoe is endemic to East Texas and 

listed as threatened by the Texas Parks and Wildlife Department,6 and is also under review by 

the US Fish & Wildlife Service for listing as threatened or endangered.7 Our results suggest that 

hybridization is occurring between the Louisiana Pigtoe and the Texas Pigtoe and between the 

Louisiana Pigtoe and the Trinity Pigtoe. This is surprising, because the Louisana Pigtoe is in a 

                                                
6 https://tpwd.texas.gov/huntwild/wild/wildlife_diversity/nongame/listed-species/invertebrates.phtml 
7 https://ecos.fws.gov/ecp0/profile/speciesProfile?spcode=Q3RF 



different genus from the Texas Pigtoe and Trinity Pigtoe, and also because it was not known that 

the Trinity Pigtoe and the Louisiana Pigtoe come into contact. Genomic testing is needed on a 

larger number of Louisiana Pigtoe specimens in order to determine how often hybridization is 

occurring and with which other species the hybridization is most frequently occurring.  This 

research can be complemented by laboratory test crosses of Louisiana Pigtoe with Texas Pigtoe 

and Triangle Pigtoe to determine how cross-fertile they are. While it is clear that Louisiana 

Pigtoe is hybridizing, the question remains of how big a threat this is to the species. 

We also had some tangential results of interest about the Trinity Pigtoe. Contrary to 

several sources (Vidrine 1993; Howells et al. 1996; Haag 2010; Burlakova et al. 2012; Williams 

et al. 2017), our results suggest that the Trinity Pigtoe (Fusconaia chunii) is in fact distinct from 

other species in the Fusconaia genus. Previous sources have claimed that the Trinity Pigtoe is 

synonymous with either the Texas Pigtoe (Burlakova et al. 2012; Williams et al. 2017) or the 

Wabash Pigtoe (Vidrine 1993; Howells et al. 1996; Haag 2010). But we found it to genomically 

cluster separately from the other Pigtoes. This agrees with the studies by Inoue et al. (2018) and 

Pieri et al. (2018), who also suggested that the Trinity Pigtoe is distinct based on its genetic 

ancestry. But we emphasize that our study is more definitive, because it is based on multiple 

specimens using genome-wide SNPs, in contrast to the individual DNA sequences used in the 

previous studies. We believe it is now possible to conclude with confidence that Trinity Pigtoe is 

a separate species. Yet we know very little about the Trinity Pigtoe. Specifically, we do not 

know whether the populations of Trinity Pigtoe are stable or are in decline, we do not know its 

habitat affinities, we do not have a comprehensive knowledge of its biogeography (such as what 

rivers it is found in), and which species pose threats to its existence through hybridization. More 

research is warranted on these topics. 



That said, the Trinity Pigtoe appears to be hybridizing with other species. We found high 

amounts of hybridization with Wabash Pigtoe evident in the ancestries of the Trinity Pigtoe 

specimens in the San Jacinto River (Figure 6, bottom). This matches Pieri et al.’s (2018) finding 

that the Wabash and Trinity Pigtoe coexist. Our study extends this finding, suggesting that not 

only do they coexist but they are also hybridizing. Hybridization with the widespread Wabash 

Pigtoe could be a threat to the Trinity Pigtoe, but more genomic research is needed on the extent 

of this problem in both the San Jacinto and Trinity Rivers. We also found high amounts of 

Trinity Pigtoe ancestry in specimens from the Neches/Angelina and Sabine River watersheds 

(Figure 6, top). We do not have conclusive evidence of the Trinity Pigtoes in those watersheds, 

but it appears that contact between the Trinity Pigtoe and other species in these watersheds was 

recent enough to leave a signature in the genomes. Since the Trinity Pigtoe is morphologically 

similar to the Wabash Pigtoe (Pieri et al. 2018), future sampling in the Neches, Angelina, and 

Sabine Rivers should include Wabash Pigtoe-looking specimens to see if they may, in fact, be 

Trinity Pigtoes. Such studies should be performed using multiple specimens of the Texas, 

Trinity, and Wabash Pigtoes for comparative purposes, and using genome-wide SNPs. We 

emphasize that the genomic signature of Trinity Pigtoe was revealed to be present in other 

watersheds only because of our genome-wide SNPs. It had not been observed before. 

Finally, we found that two of the specimens from the Trinity River contain high amounts 

of Texas Pigtoe ancestry (Figure 6, bottom). This suggests that either the Texas Pigtoe occurs in 

the Trinity River watershed or that the specimens in the Trinity River were hybridizing with the 

Texas Pigtoe recently enough for it to leave a signature in their genomes. Again, we emphasize 

that the biogeography of the Trinity Pigtoe has not been studied in depth, so it is unclear how the 

Texas Pigtoe and the Trinity Pigtoe would have come into contact and when. But more research 



is warranted on more specimens to determine if there are, in fact, Texas Pigtoe specimens in the 

Trinity River. Such studies should be focus on specimens from the Trinity River, but should also 

include multiple specimens of the Texas, Trinity, and Wabash Pigtoes for comparative purposes, 

and using genome-wide SNPs. We emphasize that the genomic signature of Texas Pigtoe was 

revealed to be present in Trinity Pigtoe specimens only because of our genome-wide SNPs. It 

had not been observed before. 

Ecological niche modeling. The niche model for Texas Pigtoe that we created broadly 

agreed with our previous efforts (Walters et al. 2017), showing highest habitat suitability in the 

middle Neches and Angelina Rivers, and the Upper Sabine River. But there was also some 

suitable habitat found in the Trinity River, which could explain why some Trinity Pigtoe 

specimens have a genomic signature of hybridization with the Texas Pigtoe in the Trinity River 

watershed. Our ground-truthing results showed that Texas Pigtoes tend to occur in areas of 

higher habitat suitability than areas of lower suitability on the niche model map; however, there 

was a lot of variability around this trend, rendering it not statistically significant. This could be 

due to the fact that “pure” Texas Pigtoe is rarer than we thought it was, giving us relatively data 

points to work with for the modeling effort, as well as due to inherent “noise” in the ecological 

dataset arising from the inherent complexity of natural environments (Osenberg et al. 1994; 

Moller and Jennions 2002). 

We believe our map is a useful tool for land managers to point them towards areas where 

Texas Pigtoe is more likely to occur versus not occur, but field verification of individual sites is 

still warranted. This was the most intensive niche modeling effort to date on any East Texas 

freshwater mussel, to our knowledge, incorporating the newest and largest number of 

environmental layers from diverse sources, covering the land, water, and air (climate) at high 



resolution (100 m x 100 m). We did not include sites on the Trinity River in our ground-truthing 

effort, despite the appearance of some suitable habitat for Texas Pigtoe in that basin and the 

indication that hybridization with Texas Pigtoe is occurring in that basin, because no 

morphological specimens of Texas Pigtoe have been reported in the Trinity River to date. 

Therefore, we surmised that any Texas Pigtoe specimens in that basin would be morphologically 

cryptic and require genotyping by genomic markers; but the genomics portion of the study 

occurred before the niche modeling and ground-truthing portions, so no more genomic work was 

possible. That said, future field and genomic work is warranted in the Trinity River to search for 

more signatures of Texas Pigtoe occurring in that basin. Texas Pigtoe and Trinity Pigtoe pose a 

threat to each other, as evidenced by our genomic results, when they come into contact because 

they hybridize. 

We found that suitable habitat for the Texas Pigtoe is associated with the suitability of the 

same habitat for the Blacktail Shiner (see supplementary data). Interestingly, however, the Red 

Shiner’s habitat affinities did not affecting the Texas Pigtoe’s distribution. For some reason, the 

distribution of the Texas Pigtoe was more reliant on the Blacktail Shiner’s distribution than on 

the Red Shiner’s Distribution. This suggests that the Blacktail Shiner is a more important host 

fish for the Texas Pigtoe in the wild than the Red Shiner. Mechanistic research is needed on the 

ecological interactions among the Texas Pigtoe, Blacktail Shiner, and Red Shiner to confirm 

these findings as well as to help understand why the Blacktail Shiner would be a more important 

to Texas Pigtoe than the Red Shiner. This is the first study documenting that the Blacktail Shiner 

is more important to the Texas Pigtoe’s distribution than its other putative host fish, the Red 

Shiner. 



   Also new to the latest modeling effort were the inclusion of a base flow layer, 

representing the component of streamflow that can be attributed to ground-water discharge into 

streams. This layer was downloaded from the US Geological Survey (Wolock 2003). We found 

that Texas Pigtoes are associated with areas where groundwater makes up more of the river’s 

total flow as compared to precipitation. This makes sense in light of the lack of available calcium 

in East Texas. Available calcium in the water column, associated with a more basic pH, has 

traditionally been regarded as a crucial determinant of mollusc distributions (Boycott 1936; 

Clarke and Berg 1959). Yet soils in East Texas are naturally low in calcium and naturally acidic, 

like much of the south‐eastern United States (Beck and Reuter 1974). This has made it unclear 

where East Texas mussels are acquiring the calcium that they need for shell formation (Walters 

et al. 2017). Our results suggest that they may be getting this calcium from mineral-rich 

groundwater upwellings. This has phenomenon has never been documented before in East Texas 

mussels, to our knowledge. The correlative findings warrant further study on a mechanistic level. 

For instance, the dissolved ion contents of different rivers could be measured, and Texas Pigtoes 

could be grown in the laboratory under those different dissolved ion concentrations, with the 

effect on shell formation documented. This would be a fruitful area of future study. 
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