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 Environmental DNA (eDNA) is a molecular surveillance tool that has been widely used 
for detection and monitoring of aquatic taxa. Species can be detected by amplifying the DNA 
collected in water samples that originated from discarded biological components of animals 
(e.g., skin cells, slime coat, and feces). Environmental DNA surveillance has been successfully 
used for detecting rare, cryptic, and invasive species. High-throughput sequencing (HTS) of 
eDNA (termed metabarcoding) can be used to detect hundreds of species simultaneously and 
can be used to address contemporary ecological questions, such as the characterization of 
communities and bioassessment of aquatic ecosystems. Although highly successful in many 
freshwater systems, eDNA has not been tested on biologically diverse aquatic systems, such as 
the Duck and Clinch rivers in Tennessee. I assessed the ability of eDNA surveillance to detect and 
delineate the distribution of single species, the pygmy madtom (Noturus stanauli) and the silver 
carp (Hypophthalmichthys molitrix), in the Duck and Clinch rivers. I also compared the 
community composition of fishes as measured by eDNA-metabarcoding with community 
composition data obtained by traditional sampling. Finally, I tested the effect of land use 
variables on fish community composition using both molecular and traditional measures of fish 
communities in the Duck and Clinch rivers. 
  
 Water samples (16-L) were collected and filtered from 14 sites in the Duck River in 
November 2017 and 10 sites in the Clinch River in January 2018. Custom de novo primers and 
probe were developed and used in tandem with end-point PCR (epPCR) and quantitative PCR 
(qPCR) for the detection and delineation of N. stanauli in the Duck and Clinch rivers. A 
previously published assay was used with qPCR to detect H. molitrix and help define the leading 
edge. Lastly, HTS on the Illumina Mi-Seq platform and bioinformatic analysis using a custom 
pipeline in the program mothur was used to characterize fish assemblages. Land-use variables 
were tested as environmental drivers of differences between fish assemblages, and were 
calculated from raster data as the percent coverage within a 1-km radius around each site. My 
results indicate that eDNA surveillance can be used to detect both single species and multiple 
species from bulk environmental samples. Detection can be limited by both environmental 
factors (e.g., discharge) and biotic factors (e.g., low population abundance). Each aquatic system 
is unique and eDNA surveillance efforts must be optimized for each system before robust 
conclusions can be made.  Furthermore, eDNA coupled with traditional techniques may provide 
better detection rates than either technique alone.   
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CHAPTER ONE 

INTRODUCTION 

 

 Environmental DNA (eDNA) has emerged in the last decade as an efficient and cost-

effective aquatic surveillance tool. Traces of all organisms are left in the environment when 

biological components are sloughed-off an animal, such as shed skin cells, slime coat, feces, 

gametes, or blood. The genomic material originating from these biological components can be 

collected and used to monitor for the presence of taxa in aquatic environments, where it exists 

in three forms, extracellular DNA, particle bound DNA, or intracellular DNA. All forms can be 

used for analysis as long as the targeted region of the genome is intact. In bulk environmental 

samples, eDNA is presumed to be in low concentrations with a high proportion of small 

fragments due to the rapid degradation of both nucleic acids and cellular material (Rees et al. 

2014; Schultz and Lance 2015).  

Mitochondrial DNA (mtDNA) is frequently used for eDNA detection because of the 

inherent properties that overcome the challenges associated with eDNA detection in bulk 

environmental samples. First, mtDNA has a greater copy number per cell than nuclear DNA, 

allowing a greater number of copies to be collected in a limited sample while increasing 

detection probability in low concentration samples. Second, mtDNA contains a variety of genes 

and barcoding regions that have a small size range (90 – 120 bp) that are beneficial for detection 

in aquatic systems where larger fragments are less likely to persist long enough to allow reliable 

detection. Furthermore, these small barcoding regions provide enough information to 

differentiate between species, even among closely related taxa (Mills et al. 2000; Wilcox et al. 

2013).  
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Environmental DNA detection is a non-invasive and easily standardized alternative to 

traditional biosurveillance tools, requiring minimal interaction with the aquatic environment. 

Traditional biomonitoring tools, such as electrofishing, seining, and cage traps, are commonly 

used in aquatic biosurveillance and have been for more than a century in some cases. 

Traditional tools are unintentionally invasive, requiring direct physical contact with animals. 

Electrofishing and seining have been shown to cause physiological stress and death of both non-

target and target organisms (Dwyer et al. 1993; Reynolds 1996; Snyder 2003). Snorkeling is less 

invasive, but the physical environment can limit both access to habitat and visual identification 

(Dolloff et al. 1996). Traditional surveillance tools also preferentially detect specific species 

based on life history attributes. For example, techniques or tools that are aimed towards 

detecting benthic fishes may not efficiently detect pelagic fishes (Hayes et al. 1996). 

Furthermore, taxonomic identification expertise is required for all biological surveys and can be 

difficult to learn and standardize, especially when newly described species or morphologically 

similar taxa are present in a system (Hajibabaei et al. 2016). Environmental DNA surveillance has 

been highly successful for the detection of rare fishes, but the true value of eDNA surveillance is 

realized when combined with contemporary sequencing technology that allows for the 

detection of multiple species. 

High-throughput sequencing (HTS) technology, in combination with eDNA methodology, 

can be used to address ecological questions that address entire communities. New HTS 

sequencing platforms allow for the collection and analysis of community-level data from bulk 

environmental samples by simultaneously processing millions of sequences at one time. This 

technique, termed metabarcoding, generates taxonomically distinct sequencing data that can be 

compared to established (e.g., Genbank) or custom reference databases (Shokralla et al. 2012, 

Miya et al. 2015, Valentini et al. 2016). Metabarcoding has been used to address a wide scope of 
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ecological and conservation questions, including species detection and delineation of both 

native and invasive species, abundance estimation, population genetics, diet analysis, 

community composition, and bioassessment (Carreon‐Martinez et al. 2011; Valentini et al. 2016; 

Lacoursiere-Roussel et al. 2016; Evans et al. 2017a; Stat et al. 2017).  Biosurveillance provides 

crucial information for informing effective policy decisions and evaluating current management 

plans. The ability to answer broader ecological questions related to community level 

interactions and patterns can further facilitate the incorporation of eDNA surveillance into 

conservation assessments.  

Integration of eDNA surveillance into conservation management plans would eliminate 

risk of harm to aquatic taxa; however, as with any tool or technique, eDNA surveillance needs to 

be thoroughly vetted to assess it efficiency and performance compared to traditional 

surveillance techniques. Empirical testing among a wide range of taxa and environmental 

gradients in aquatic landscapes has demonstrated the reliability of eDNA monitoring for single- 

and multi-species surveillance (Ficetola et al. 2008; Jerde et al. 2013; Diaz-Ferguson et al. 2014; 

Jane et al. 2015; Miya et al. 2015; Valentini et al. 2016; Shaw et al. 2016). A few studies have 

examined eDNA from an experimental design standpoint to assess and improve weaknesses 

based on heuristic meta-analysis (Darling and Mahon 2011; Darling 2015; Ficetola et al. 2015; 

Barnes and Turner 2016). While eDNA studies have been highly successful compared to 

traditional surveillance, each system and taxa pose unique challenges for eDNA surveillance. For 

example, large environmental gradients make up the riverine landscapes of Tennessee, such 

that a single river can span multiple watersheds and ecoregions (TDEC 2005a, 2005b, 2005c, 

2007). In addition, Tennessee is considered a temperate-region biodiversity hotspot for fishes in 

the southeastern United States (Elkins et al. 2019). Interactions between biological and 

environmental variables will affect eDNA detection, quantification, and analysis differently from 
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system to system (Barnes and Turner 2016). Tennessee lotic systems offer a unique opportunity 

to apply and evaluate eDNA surveillance as a contemporary monitoring tool for answering 

ecological questions related to fish biodiversity patterns and drivers.  

The aim of this dissertation was to evaluate eDNA detection as an effective 

biosurveillance tool in the Duck and Clinch rivers in Tennessee.  I investigated the utility of eDNA 

biosurveillance in three different applications relevant to the conservation and management of 

Tennessee’s aquatic biodiversity including: (1) detection and delineation of a rare and 

endangered fish, (2) detection and delineation of the leading edge of an invasive fish 

distribution, and (3) characterization of fish communities and biological assessments. 

 Chapter 2 provides an introduction to the life history for the two target species, pygmy 

madtom (Noturus stanauli) and silver carp (Hypophthalmichthys molitrix) as well as a 

background on the geomorphology and hydrology of the Duck and Clinch rivers.  

Chapter 3 describes the use of eDNA monitoring for delineating the distribution of an 

extremely diminutive species, the pygmy madtom (Noturus stanauli). Noturus stanauli is the 

smallest species in the family Ictaluridae. Its known distribution is limited to the Clinch and Duck 

rivers in Tennessee. While eDNA monitoring has been successful for the detection and 

delineation of small fishes in many types of aquatic ecosystems, it has yet to be tested on 

diminutive fishes in large river systems with diverse fish communities.  

 Chapter 4 details the use of eDNA surveillance for detection of the invasive silver carp 

(Hypophthalmichthys moltrix). Hypophthalmichthys moltrix was first discovered in the Duck 

River in 2013, and its presence is of great concern because H. moltrix is known to negatively 

impact native biodiversity. Silver carp can easily be detected with traditional monitoring when 

large populations are established; however, the leading edge of invasions often mimic rare 

species dynamics, thereby reducing detection probability. Environmental DNA monitoring offers 
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an alternative to traditional monitoring for tracking the invasion of H. molitrix and providing 

real-time information to resource managers in their efforts to limit the dispersal of this fish. 

 In chapter 5, I address a prominent question in eDNA ecology, specifically, can eDNA be 

used for bioassessment of fish communities. I address and test the transferability of a microbial 

bioinformatic tool to process and analyze HTS data generated from environmental samples that 

target freshwater fish communities. This bioinformatic tool is more efficient and accurate for 

taxonomically classifying unknown sequences to a custom reference database and would yield 

more reproducible and comparative results. I then use the dataset generated from this new 

bioinformatic tool to test the ability of eDNA-metabarcoding to characterize fish species 

diversity and detect biological patterns among fish assemblages and compare the results to 

diversity measurements obtained through traditional sampling. While eDNA-metabarcoding has 

successfully characterized fish communities in both lentic and lotic freshwater systems, it has 

not been applied to lotic communities with the level of diversity seen in the Duck and Clinch 

rivers. I also assess the ability of eDNA-metabarcoding to detect patterns among fish 

assemblages in the Duck and Clinch rivers as a response to land-use variables. The framework 

used for bioassessment and land-use coverage to explain patterns in fish assemblages has been 

empirically tested with traditional sampling, but this study represents the first use of eDNA 

metabarcoding for examining the relationship between land-use coverage and community 

composition in fishes.   
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CHAPTER TWO 

FOCAL SPECIES AND STUDY AREA 

 

Focal Species 

 

Pygmy Madtom (Noturus stanauli) 

 

Noturus stanauli is a federally protected species endemic to the Duck and Clinch rivers 

in Tennessee. As one of the smallest (maximum total length 36 – 44 mm) and rarest fish in North 

America, fewer than 50 collection specimens exist (Etnier and Starnes 1993; Burr and Stoeckel 

1999; Bennett et al. 2009). While much of the life history is still unknown, recent laboratory 

propagation has provided evidence to suggest that the N. stanauli is ecologically similar to other 

members of the Noturus genus: nocturnal/crepuscular lifestyle, low annual fecundity, large 

embryo and hatchling sizes, cavity nesting, extreme parental care, and benthic habitation 

(Taylor 1969; Burr and Stoeckel 1999; J.R. Shute, Conservation Fisheries, Inc., pers. comm. 

2016). 

Historical localities are limited to single locales in both the Duck and Clinch rivers, with 

the Clinch River location (Frost Ford at River Mile 181.1) representing the origin of the holotype 

first described by Etnier and Jenkins (1980). However, a number of other localities have been 

recorded since its first description, which have produced several paratopotypes in the Clinch 

River and paratypes in the Duck River since the early 1970s (Etnier and Jenkins 1980) (Table 2.1). 

Current information suggests that the Clinch River population is confined to a 5-km stretch, 

while the Duck River population appears to be more widely scattered over a 115-km area, 

indicating a greater distributional range in the Duck River (Table 2.1; Figure 2.1). Although the 
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Duck and Clinch river populations are separated by 965 river kilometers, no other occurrences 

have been reported (USFWS 2008). While historical records consistently list these two river 

systems as the species’ known distribution, it has been presumed that it may have persisted in 

stretches of the lower French Broad and Holston rivers (USFWS 2008). Etnier and Jenkins (1980) 

noted that most specimens in the Clinch River were collected along a prominent bed of water 

willow, along two bedrock shelves spanning the width of the river, with medium gravel and 

water depths typically measuring 0.5 m or less and current measuring 0.3 m/s. While other 

specimens have been taken from similar areas, the rarity of the species makes it difficult to 

accurately quantify specific habitat preference. 

 

Silver Carp (Hypophthalmichthys molitrix) 

 

 Hypophthalmichthys molitrix is a large-bodied, pelagic river fish belonging to the family 

Cyprinidae. Larger individuals are reported to reach lengths over 1.2 m and weigh 50 kg (Kamilov 

and Salikhov 1996; Billard 1997). Hypophthalmichthys molitrix occupies a variety of freshwater 

habitats, including large rivers, lakes, backwater areas connected to large rivers, and reservoirs, 

and typically prefers open areas and eutrophic zones that can be characterized as slow or 

stagnant waters, which allows for optimum foraging of planktonic food sources (Berg 1964; Kaul 

and Rishi 1993; Finley 1999). This species uses its uniquely shaped gill rakers to filter both 

phytoplankton and zooplankton from the water column (Jirasek et al. 1981; Spataru and Gophen 

1985; Burke et al. 1986). Silver carp exhibit rapid growth, exceptional dispersal capabilities, high 

reproduction output early in life, and broad environmental tolerance (Kolar et al. 2007). While 

juveniles and adults can tolerate a wide range of temperature and flows, research indicates that 

optimum spawning occurs in rivers between 25 – 100 km long, which provide moderate to swift 



 
 

8 
 

currents that prevent eggs from settling on the benthic substrate (Krykhtin and Gorback 1891; 

Kolar et al. 2007; Murphy and Jackson 2013).  

Hypophthalmichthys molitrix is native to eastern Asia, and is widely distributed from 

approximately 22°N to 54°N (Berg 1964; Gorbach and Krykhtin 1989; Kamilov and Komrakova 

1999), with purported populations extending into parts of North Korea and Vietnam (Laird and 

Page 1996; Xie and Chen 2001). This species was first introduced to the United States in the 

early 1970s, and subsequently became widely distributed after escape from aquaculture ponds 

in Arkansas (Freeze and Henderson 1982; Costa-Pierce 1992; Rahel 2000). Currently, 20 states 

report occurrences of H. molitrix, with 14 of those having established populations (Kolar et al. 

2007; USGS 2017). 

While H. molitrix is considered near-threatened in its native range, this species poses a 

serious ecological threat to aquatic ecosystems and native biodiversity in the United States (Lu 

et al. 1997; Kolar et al. 2007). Hypophthalmicthys molitrix was originally introduced to improve 

water quality in agricultural ponds and sewage treatment lagoons; however, research indicates 

that the species may be contributing to water quality decline, including increased nutrient 

loading and induced size-specific shifts in phytoplankton communities (Opuszynski 1980; Kolar 

et al. 2007). Not only do shifts in planktonic communities directly affect co-occurring species, 

but direct competition for food sources has the potential to adversely affect native fishes and 

invertebrates (Laird and Page 1996; Tucker et al. 1996; Pflieger 1997; Chick and Pegg 2001; 

Chick 2002; Williamson and Garvey 2005; also see Kolar et al. 2007). 
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Study Area 

 

Duck River 

 

The Duck River is a major tributary of the Tennessee River, and is the longest river (457 

km) located entirely in Tennessee. The topography of the watershed is karst, characterized by 

sinkholes, springs, and disappearing streams. The geology of the river varies, with Lower 

Carboniferous siliceous limestone characteristic of the headwaters, while the middle and lower 

sections of the river consist of Middle and Upper Ordovician rocks (Ortmann 1924). The 

surrounding land can be primarily classified as containing either evergreen, deciduous, or mixed 

forest, with the next major categorization being pasture and hay lands (TDEC 2005a, TDEC 

2005b). The source of the Duck River originates on the Highland Rim, with the river meandering 

and draining much of middle Tennessee before it enters into the Tennessee River. The entire 

watershed drains a total of 7,070 km2.  

Hosting more than 150 fish species and 66 freshwater mussel species, the Duck River is 

not only the most biologically diverse river in North America, but one of the greatest freshwater 

biodiversity hotspots in a temperate region (Shilling and Williams 2002; Ahlstedt et al. 2004). 

Unfortunately, much of the diversity has been adversely affected by human disturbances, either 

by chemical run-off and sedimentation because of poor land-use practices or by the 

construction of dams (Elkins et al. 2019).
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Clinch River 

 

The Clinch River originates near Tazewell, Virginia, where it runs southwesterly into 

Tennessee. The Tennessee portion stretches 325 km, ultimately draining into the Tennessee 

River. The Clinch watershed drains 3,470 km2. The topography is similar to the Duck River, 

characterized by karst. The bedrock geology of the Clinch River differs from the Duck River. The 

headwaters are characterized by limestone minerals with a transition into sandstone and 

Pennsylvanian-age minerals towards the middle and lower reaches (TDEC 2005c, TDEC 2007). 

Shale is also quite common throughout the watershed. The surrounding area is predominately 

characterized by heavy agricultural lands, and thick evergreen, deciduous, or mixed forest (TDEC 

2005c, TDEC 2007).   
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CHAPTER THREE 

MONITORING A MINUSCULE MADTOM: ENVIRONMENTAL DNA SURVEILLANCE OF THE 

ENDANGERED PYGMY MADTOM (NOTURUS STANAULI, ETNIER  

AND JENKINS  1980) IN THE DUCK AND CLINCH  

RIVERS, TENNESSEE 

 

Introduction 

 

Information gathered from biosurveillance efforts, such as presence-absence of species 

in a given area, population dynamics, and community structure, helps resource managers 

discern current trends in biodiversity and allows effective management and conservation plans 

to be developed and implemented. The information obtained from biomonitoring, however, is 

only as reliable as the tools and techniques that are used and requires tests of data assurance. 

Traditional fish surveillance techniques, like electrofishing and seining, can be difficult to 

standardize and can cause unintentional harm to both non-target and target taxa in a system 

(Dwyer et al. 1993; Hayes et al. 1996; Reynolds 1996; Snyder 2003). Within the last decade, new 

molecular tools have been developed to survey rare and cryptic aquatic taxa, offering less-

invasive approaches to monitoring fishes.  

Environmental DNA (eDNA) monitoring utilizes the discarded biological components in 

an organism’s habitat to determine the presence or absence of targeted species in the area, and 

has been especially useful for the surveillance of aquatic organisms. The water in aquatic 

systems contains an abundance of genomic material derived from sloughed-off biological 

material (e.g., skin cells, slime coat, feces) of resident organisms. Species that otherwise can 

prove difficult to detect and capture using traditional methods can be identified in the local 
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environment without any physical, visual, or auditory contact. Environmental DNA sampling has 

been shown to be more sensitive and reliable than traditional sampling techniques for rare or 

secretive animals (Janosik and Johnston 2015; Pfleger et al. 2016) and for invasive species where 

early detection is vital to help prevent further spread (Diaz-Ferguson et al. 2014; Jerde et al. 

2011). Environmental DNA is an easily optimized surveillance tool, as demonstrated by the vast 

number of studies that have successfully applied it to a wide range of taxa and systems. Each 

system and taxa pose different challenges for eDNA amplification and detection. Further 

research is needed on the effectiveness of eDNA surveillance for the detection of rare species in 

large river systems.    

     Due to its diminutive size and reclusive behavior, N. stanauli has presented a difficult 

challenge for conventional surveillance efforts. Noturus stanauli (maximum total length 36–44 

mm SL) is the smallest known member of the bullhead catfish family Ictaluridae and is one of 

the smallest and rarest of fishes in North America; fewer than 50 specimens exist in collections 

(Bennett et al. 2009; Burr and Stoeckel 1999; Etnier and Starnes 1993). While much of its life 

history is still unknown, recent laboratory propagation has provided evidence that N. stanauli is 

ecologically similar to other members of the Noturus genus: nocturnal/crepuscular lifestyle, low 

annual fecundity, large embryo and hatchling sizes, cavity nesting, extreme parental care, and 

benthic habitation (Burr and Stoeckel 1999; Taylor 1969; J. R. Shute, Conservation Fisheries, Inc., 

Knoxville, TN, pers. comm. 2016). The limited distribution of N. stanauli is a leading factor 

contributing to its endangered status (USFWS 2008). Historic records report the presence of N. 

stanauli from single locales in both the Clinch and Duck rivers, with the Clinch River location 

(Frost Ford [FRFD] at River Mile 181.1; Figure 3.1) representing the origin of the holotype first 

described by Etnier and Jenkins (1980). Several other sites have been recorded since its first 

description and produced several paratopotypes in the Clinch River and paratypes in the Duck 
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River (Etnier and Jenkins 1980). Current information suggests the Clinch River population is 

confined to a 5-river-km stretch, while the Duck River population appears to have a larger range 

across a 115-river-km area (USFWS 2008). Although the Clinch and Duck river populations are 

separated by 1,055 river kilometers, no other occurrences are known (USFWS 2008).  

Environmental DNA offers a less-invasive sampling approach compared to traditional 

techniques for detecting the presence of N. stanauli. Environmental DNA sampling eliminates 

capture- and handling-induced stress and mortality, while helping to obtain crucial distributional 

information needed for management agencies. Environmental DNA surveillance has not been 

previously tested in large river systems (≥ 6th order streams) such as the Clinch and Duck rivers 

with a diminutive fish like N. stanauli. Here I developed an eDNA field protocol for the detection 

of N. stanauli. My specific objectives were to; (1) develop and optimize an eDNA monitoring 

assay using quantitative polymerase chain reaction (qPCR); (2) empirically test water sampling 

protocols for eDNA detection; and (3) delineate the current distribution of N. stanauli in the 

Clinch and Duck river drainages. Species-specific markers were developed using end-point PCR 

(epPCR) and qPCR. Results from this study were used to provide insights into the design of eDNA 

assays for the detection of rare fishes and to advance disciplinary knowledge regarding the 

utility of molecular tools for biosurveillance.  

 

Methods 

 

Study Area 

 

The Clinch River originates in Virginia, United States, and runs southwesterly into 

eastern Tennessee. The Clinch River stretches 325 km through Tennessee, spanning a number of 
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different physiographic provinces, before ultimately draining into the Tennessee River.  The 

Tennessee portion of the Upper Clinch watershed drains 3,470 km2. Biodiversity within the 

Clinch River has been negatively impacted over the last few decades by anthropogenic 

influences (e.g., land-use practices, fly ash spills, and coal mining pollution) (USFWS 2008).   

The Duck River is the longest river entirely in Tennessee, originating in central 

Tennessee and running 457 km west-northwest to its confluence with the Tennessee River 

(Figure 3.1). The watershed drains a total of 7,070 km2. Hosting more than 150 fish species and 

66 freshwater mussel species, the Duck River is not only the most biologically diverse river in 

North America, but one of the greatest freshwater biodiversity hotspots in a temperate region 

(Ahlstedt et al. 2004; Shilling and Williams 2002). A majority of the diversity has been adversely 

affected by human disturbances, either by chemical run-off and sedimentation because of poor 

land-use practices or by the construction of dams (USFWS 2008).  

 

Primer and Assay Design 

 

In silico. I designed a qPCR assay based on a DNA sequence alignment from previously 

published mitochondrial cytochrome b (cyt b) sequences. This region of the mitogenome was 

chosen because of its use in other successful eDNA studies and because of the availability of cyt 

b sequences for the genus Noturus. A total of 84 sequences, representing 16 native, sympatric 

ictalurid species (including seven sequences from N. stanauli), were obtained from GenBank and 

were aligned using ClustalW (Thompson et al. 1994) in Bioedit Sequence Alignment Editor (Hall 

1999) (Table 3.1). A consensus sequence was generated for N. stanauli and imported into 

PrimerQuest (Integrated DNA Technologies) to identify potential primer and probe binding sites. 

I used the default parameters with a user-defined amplicon length of 75-200 bp. The Nucleotide 
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Basic Local Alignment Search Tool (BLASTn; Altschul et al. 1990) was used to assess similarity of 

primers and probes to unintended targets, where any primer pairs exhibiting a 99% match to 

non-Noturus species were discarded. Primer and probe candidates were manually aligned to the 

Noturus spp. cyt b sequence alignment to visually assess differences between all species and 

allowing for a minimum of two mismatches between the candidate oligos and sympatric 

Noturus spp.  

In vitro. Environmental DNA primer candidates were tested for amplification efficiency 

and specificity for N. stanauli using epPCR with tissue-derived DNA. All tissue-derived DNA was 

extracted using the DNeasy Blood and Tissue Kit (Qiagen). Annealing temperature was 

optimized for each candidate primer pair using a gradient PCR thermocycler. Primer pairs were 

then tested for cross-amplification of other sympatric ictalurid species using the optimized 

annealing temperature. All reactions were carried out in a 20 µL reaction volume containing 4 µL 

Flexi Buffer (5X), 2 µL MgCl2+ (25 mM), 4 µL dNTPs (4 µM), 0.8 µL of each primer (10 µM), 0.2 µL 

Taq polymerase (5 U/µL), 4.2 µL of sterile PCR water, and 4 µL of template (15–50 ng/µL). 

Thermal cycling conditions were: 95°C for 10 min, 35 cycles of 95°C for 60 s, 62°C for 90 s, 72°C 

for 90 s, and a final elongation of 72°C for 5 min. Results were visualized in a 1.5% TBE agarose 

gel stained with GelRed under a UV Gel imager.  

Candidate qPCR assays (i.e., primers and probe) were tested for specificity against N. 

stanauli and other sympatric ictalurid species using the in vitro methods described above. The 

standard curve was developed by extracting and purifying DNA from N. stanauli tissue with an 

initial concentration of 28 ng/µL to create a 6-fold serial dilution to 0.00028 ng/µL. Each serial 

dilution was amplified in triplicate. The cycle threshold value for all replicates of all serial 

dilutions were correlated (r2 = 0.997; efficiency = 99%). Tissue-derived N. stanauli DNA of a 

known concentration was used as an external standard and positive control on each plate. All 
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reactions were carried out in a 10 µL reaction volume containing 5 µL of TaqMan® 

Environmental MasterMix (2X), 0.4 µL of each primer (10 µM), 0.2 µL probe (10 µM), and 4 µL of 

template. Thermal cycling conditions were the same as for epPCR except that all reactions were 

performed with 50 cycles and included a ZEN double-quenched TaqMan® probe. The assay I 

named NS-193-F/R (Table 3.2) was specific to the detection of N. stanauli and was used for 

subsequent sampling and detection. 

  

Detection Optimization and Field Protocol 

 

A field study was performed in summer (July and August) 2017 to optimize my sampling 

strategy for water collection. The location within the water column where samples in other 

eDNA studies are collected is sporadically reported. The few studies that do cite the location 

report collecting surface samples, regardless of life history traits of the targeted fish, e.g., 

pelagic or benthic (Janosik and Johnston 2015; Jerde et al. 2011). While these studies have been 

successful regardless of the preferred strata of the target fish, research on this particular area of 

study is sparse, especially regarding rare, benthic fish in large river systems, like N. stanauli. I 

conducted a pilot study to assess detection probability based on where water samples were 

collected within the water column. I collected water samples at two sites: (1) Frost Ford (FRFD) 

in the Clinch River (3 August 2017 at 36.527826 N, -83.151729 W), and (2) Whirl Bar near Rex 

May Lane (RML) in the Duck River (26 July 2017 at 35.978728 N, -87.822122 W) (Figure 3.1). 

Frost Ford has produced the highest catch rate of N. stanauli compared to other sampled sites in 

the two rivers throughout its known distribution (Wells 2019, Tennessee Valley Authority [TVA] 

and Conservation Fisheries, Inc. [CFI]). Whirl Bar is the historic paratype locality that has not 

been sampled in more than 30 years. However, upstream sites have yielded specimens in the 
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past three years (personal observations; unpublished data, TVA). A sampling schematic was 

designed that targeted two different flow regimes: flowing water (FW) and slackwater (SW).  

Within these two flow regimes, I targeted four vertical strata: three in the water column at 

surface (SURF), middle (MID), and epibenthic (EPIB) locations, plus a sediment sample (CORE) 

(Figure 3.2).  

Field sample collection protocols followed the procedure described by Mahon et al. 

(2010). For the field study, 4-L water samples were collected from two points in both SW and 

FW areas in each of the two rivers, at each of the vertical strata. Flowing water and slackwater 

areas were qualitatively determined by recording velocity (m∙s-1) and depth (m) at 20 evenly 

spaced positions across a portion of the river at each point and at each site using a flow meter. 

The data from all 20 positions for each point at each site was averaged and the total volume of 

water per unit time (m3∙s-1) was calculated. Flowing areas had substrate characterized by a high 

proportion of small gravel, with cobble and bedrock dispersed throughout, while slackwater 

areas mainly consisted of silt with a very small proportion of cobble (Bovee 1972). 

All water samples were collected in 4-L Nalgene bottles that were sterilized with a 20% 

bleach solution, rinsed with tap water, and then autoclaved before sampling. Each sample bottle 

was submerged and positioned at the appropriate stratum with the lid securely attached. The lid 

was removed to allow water to enter to the bottle and re-secured while still positioned at the 

targeted stratum. Sediment cores were collected using methods similar to Turner et al. (2015). A 

sediment core sample was taken at each point by driving a PVC pipe (2.5 cm diameter) 30.5 cm 

into the sediment. The end of the pipe was then capped creating a vacuum to pull up the core. 

The top and bottom 7.5 cm were discarded, and the remaining portion of the core was placed in 

a 50-mL conical tube. The PVC pipe used to collect cores was cleaned with 20% bleach and rinse 

with distilled water between each sample. The exterior surface of all bottles and tubes were 
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dried of excess water, sealed with parafilm, and transported back to the lab on ice for filtration. 

Negative control bottles containing ultra-pure water were exposed to the air for 10 s while 

standing in the river, re-capped, and submerged to assess no cross-contamination occurred 

between points within each river. All water samples were vacuum-filtered onto 1.0-µm glass 

fiber filters (Whatman) within 24 h and stored in 50-mL conical tubes at -20°C until DNA 

extraction. All filtration equipment was decontaminated with a 20% bleach solution and rinsed 

with deionized water after filtration of each sample.  

A Woolf test and Cochran-Mantel-Haenszel test were performed to test for 

homogeneity and independence, respectively, for the detection optimization samples. A Fisher’s 

exact test was performed on the detection optimization samples to test for statistical 

differences in detection probability among the different vertical strata and core samples within 

each river. All statistical analyses were performed with α= 0.05 in program R version 3.5.1 (R 

Development Core Team 2017). Statistical analyses determined that no significant differences 

existed in detection probability among any of the four strata (see Results). Therefore, I collected 

surface water samples for subsequent field sampling as has been done in other eDNA studies. 

All subsequent field sampling followed the protocols described by Mahon et al. (2010) 

and described above, including bottle sterilization, water sample transport and vacuum-

filtration, and sample storage. Surface water samples were collected at 14 sites in the Duck 

River from 21–28 November 2017 (winter 2017), 10 sites in the Clinch River from 26–31 January 

2018 (winter 2018), and 5 sites in the Clinch River on 14 July 2018 (summer 2018). Water 

samples collected in the Clinch River (summer 2018) were from a subset of the same sites in the 

Clinch River (winter 2018) sampling. Four 4-L subsamples were collected at each site along a 

100-m reach, along with one 4-L negative control. All filtering equipment was decontaminated 

with a 20% bleach solution and rinsed with distilled water between all samples.  
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Discharge data were obtained from the USGS National Water Information Systems for 

all sampled locations in the Clinch and Duck rivers for summer 2017, winter 2017-2018, and 

summer 2018 (Table 3.3). Discharge data were examined (non-statistically) to identify seasonal 

differences in detection probabilities.  

 

DNA Extraction 

 

 The QIAamp PoIrfecal DNA Kit (Qiagen®) was used to extract and purify DNA from filters 

and sediment cores per the manufacturer’s protocol, with two exceptions: (1) a FastPrep tissue 

homogenizer (Thermo Savant) was used at 6 m/s for 60 s for the lysis step and (2) DNA was 

eluted in 20 µL (instead of the recommended 100 µL) of the provided buffer solution. An 

extraction blank was performed during each round of DNA extractions. DNA quantification was 

performed using a Nanodrop Spectrophotomer and all samples were diluted to approximately 

10 ng/µL before amplification with epPCR and qPCR. 

 

End-Point PCR and Quantitative PCR 

 

Presence of N. stanauli was assessed using epPCR and qPCR with the same chemistry 

and thermal profile as detailed in the in vitro section. All samples were diluted to 10 ng/µL. All 

samples, including all field negative controls, extraction blanks, and PCR negative controls, were 

independently amplified two times with eight technical PCR replicates each (Ficetola et al. 

2015). Results for epPCR were visualized on a 1.5% TBE agarose gel stained with GelRed, while 

standard curve analysis and cycle threshold values were used to determine positive detection in 

qPCR reactions. A sample was determined to be positive for detection if ≥ 2 technical replicates 
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for both rounds of PCR yielded positive amplification. If one or both rounds exhibited positive 

amplification in ≤ 1 technical replicates, then a third independent round of PCR was conducted. 

One quarter of all positive reactions were sequenced for confirmation. Reactions with a 

positive signal were cleaned using exonuclease I and shrimp alkaline phosphatase (New England 

Biolabs) for bi-directional Sanger sequencing on an ABI 3730 automated sequencer (MCLab). All 

resulting sequences were aligned, and ends trimmed using Sequencher version 5.2 (Gene Codes 

Corp.). I verified the identity of eDNA sequences by comparing them to reference sequences in 

the GenBank nr database using the BLASTn (Altschul et al. 1990). Additionally, consensus 

sequences were aligned to my Notorus spp. cyt b reference alignment to visually confirm 

similarity to N. stanauli.  

A Woolf Test and a Cochran-Mantel-Haenszel Test were conducted to test homogeneity 

and independence of the data, respectively. Fisher’s Exact Test was used to test for differences 

between epPCR and qPCR at each stratum within each river.  

 

Results 

 

Primer and Assay Design 

 

From seven aligned sequences of N. stanauli, cyt b specific primers were developed that 

amplifed a 134 bp length fragment. The forward primer (NS-193-F) showed high specificity to N. 

stanauli in silico with a minimum of three mismatches between N. stanauli and all other 

sympatric species. The reverse primer (NS-193-R) had a minimum of two mismatches between 

N. stanauli and other sympatric species in silico. The probe-binding region (NS-193-P) has at 

least one mismatch between N. stanauli and other sympatric species. Within the probe-binding 
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region there is a single nucleotide polymorphism (A/G). Both epPCR and qPCR confirmed that 

the assay will amplify eDNA from N. stanauli with both genotypes. Additionally, sequencing 

using the NS-193-F primer and a flanking primer (NS-620-R) confirmed that both polymorphic 

sites in the NS-193 reverse primer region were detected. I identified two congeneric species for 

which cross-amplification was of concern: Smoky madtom (Noturus baileyi) and saddled 

madtom (Noturus fasciatus). Amplification in PCR reactions confirmed that NS-193 primers 

amplified the cyt b region of N. baileyi; phylogenetic reconstructions based on cytochrome b 

show that that N. baileyi is in a sister clade to N. stanauli (Near and Hardman 2006). However, 

N. baileyi is not present in either of the Clinch or Duck rivers and is not a concern for generating 

positive detection (i.e., false positive) in field surveys. My alignment showed a high degree of 

homology within the targeted cyt b region between N. stanauli and N. fasciatus, a syntopic sister 

taxon in the Duck River (Near and Hardman 2006). The alignment differed by only two single 

basepair mismatches in the targeted amplicon. Additionally, N. fasciatus sequences differed 

from N. stanauli by a single mismatch in the NS-193-P binding site. However, again, in vitro tests 

and sequencing confirmed that the NS-193 assay (i.e., primers and probe) will only amplify N. 

stanauli template. 

 

Detection Optimization 

 

Noturus stanauli was detected using epPCR in both the Clinch and Duck rivers in the 

field study samples (Figure 1). I confirmed that N. stanauli could be detected with epPCR in the 

Duck River only in one of the CORE samples (Table 3.4; Table 3.5), while detection in the Clinch 

River was achieved in all samples except one of the EPIB and CORE samples (Table 3.4; Table 

3.5). Amplification of samples from both the Clinch and Duck rivers yielded both target-sized 
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(253 bp) and non-target sized (75 bp) amplicons. Among all biological samples and technical 

replicates, I selected 23 PCR reactions for sequencing in the Duck River. These reactions 

contained either my target-sized amplicon (n=10) or amplicons of a different size range (n=13). 

For the Clinch River samples, 52 reactions were selected for sequencing: target-size fragment 

(n=28) and non-target size fragment (n=24). In both rivers, all reactions with my target-size 

fragment produced sequence reads with a ≥ 99% match to N. stanauli reference sequences in 

Genbank and all non-target size fragments were determined to be primer dimers.  

The qPCR analyses for the Clinch and Duck river samples yielded mixed results. None of 

the samples from the Duck River yielded amplification for N. stanauli as indicated by the 

absence of amplification curves or amplification curves that failed to cross the threshold. All 

positive controls produced amplification curves that crossed the threshold. In contrast, I 

detected N. stanauli in the Clinch River with qPCR in all samples except one CORE and MID 

samples (Table 3.4; Table 3.5). For the Clinch River samples, 31 reactions (consisting of several 

technical replicates distributed among the different biological samples) that contained positive 

amplification were selected for sequencing confirmation. The majority (27 of 31) of the 

reactions produced a sequence read that had a ≥ 99% match to reference sequences in Genbank 

for N. stanauli. The remainder of the reactions (n=4) either contained poor-quality raw 

sequences and/or did not match any reference sequence in Genbank.  

The data from the Clinch River exhibited both homogeneity and independence, 

respectively (Woolf Test: χ2 = 0, P = 1; Cochran-Mantel-Haenszel Test: M2 = 3, P = 0.3916). A 

Fisher’s Exact Test indicated there were no significant differences in DNA concentrations 

between any of the strata within the Clinch River (P = 1.00). 
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Field Sampling 

 

In the winter 2017-2018, I did not detect N. stanauli at any of the 10 sites in the Clinch 

River or any of the 14 sites in the Duck River, with either epPCR or qPCR. However, re-sampling 

of the Clinch River in summer 2018 yielded positive detection at a new site RSHF (36.582535 N, -

82.911396 W; Figure 3.1; Table 3.6) located approximately 2.5 km downstream from the 

Tennessee-Virginia state line. 

 

Discussion 

 

Noturus stanauli presents a challenging species for monitoring given its small size and 

rarity in two large river systems, but eDNA monitoring was useful for detection and delineation 

of N. stanauli. In this study, a species-specific assay was developed and tested for detection of 

this rare fish. I demonstrated that the assay is equally effective in detection of targeted DNA at 

all strata in the water column in the Clinch River. Despite the challenging dynamics of this 

system, my assay was successful in the detection of N. stanauli at the type locality in the Clinch 

River, at a new site outside of its known current distribution in the Clinch River, and at a 

paratype locality in the Duck River (Figure 3.1, Table 3.6).  

 Few studies have tested for differences in detection rates across strata within the water 

column. Hinlo et al. (2017) conducted a study on three species that exhibit different spatial 

distributions in the water column (pelagic, benthopelagic, and benthic) and found that sampling 

location had no significant effect on DNA concentration or detection probability. Although my 

sample size was small, I found similar results in that a genetic signal could be detected in all 
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strata (surface, middle, epibenthic, and sediment/benthic substrate) in flowing water. Further 

research is needed in this area, especially for benthic fishes in larger flowing river systems. 

Both biotic and abiotic factors are known to affect the detection of targeted eDNA and 

may explain the variation in detection achieved in this study. Detection probability appeared to 

be greater in both systems in summer than in winter months. Warmer temperatures in summer 

are known to increase the metabolic activity of fishes causing an increased production of 

biological matter that is shed into the water (Gillooly et al. 2001). An increase in temperature, 

resulting in increased eDNA production, would support my findings of greater detection 

probability in summer. While recent laboratory studies examining the relationship between 

eDNA production and temperature have indicated that temperature does not have an effect on 

eDNA concentration in a system (Klymus et al. 2015; Takahara et al. 2012), the same 

relationship is positively correlated in the field (Takahara et al. 2012). Takahara et al. posit that 

some fishes may seek warmer areas in a system as a result of thermal optima, thus resulting in a 

congregation that produces a large amount of eDNA in a particular area. In both their laboratory 

and field studies, Takahara et al. (2012) found a positive correlation between eDNA 

concentration and biomass. It is possible that my greater detection probability in summer in the 

Clinch River may be the results of congregations of N. stanauli in breeding sites. Noturus 

stanauli will begin spawning during warmer temperatures and contribute a greater amount of 

biological material to the environment. The increased biological material will potentially 

increasing detection probability, especially if fishes are congregating. Historic and new records 

indicate that N. stanauli has a prolonged summertime spawning period, ranging from late May 

to potentially early September (USFWS 2008; Wells 2019). The positive detection at sites in the 

Clinch River in the summers of 2017 and 2018, could result from increased genomic material in 

the water and sediments during peak spawning and congregations. Additionally, while N. 
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stanauli is more widely distributed in the Duck River, the Clinch River may hold a greater 

abundance or biomass of N. stanauli at each site than the Duck River. Recent non-eDNA 

sampling with seining gear in 2016 and 2017 yielded more specimens in the Clinch River (n= 16) 

than the Duck River (n=1) (Wells 2019). 

Another possible factor contributing to the seasonal differences in detection is the 

difference in river discharge in summer versus winter months. I observed a distinct discharge 

pattern between the summers of 2017 and 2018 versus winter 2017-2018 sampling events 

where discharge was ≤ 11.4 m3/s during summer sampling events in the Clinch (Table 3.3). One 

possible explanation is that during high flow regimes eDNA is diluted in the system and 

detection probability is reduced (Thomsen et al. 2012). Duck River sampling in summer 2017 did 

yield positive detection in several PCR technical replicates, although only the CORE sediment 

sample met the two replicate minimum criteria for positive detection. The discharge during this 

event was measured at 28.6 m3/s; this is more than double that observed in the Clinch River 

summer sampling events where detection was more reliable (Table 3.3; Table 3.4). However, it 

has been shown that eDNA signals derived from sediment samples may not be temporally 

accurate. DNA particles bound to sediments are protected from degrading and thus may 

represent detection of a fish that is no longer inhabiting the area (Turner et al. 2015). Further 

research is needed to understand the effects of spawning, congregation, and flow regime and 

the effect on eDNA production and detection on this small fish. 

My sampling efforts yielded a new potential occurrence of N. stanauli in the Clinch River 

beyond the current known distribution. This new site (RSHF) is approximately 2.5 river km 

downstream from the Tennessee-Virginia state line. However, from a streamside visual 

perspective, the RSHF site does not display habitat characteristics of other sites with known N. 

stanauli occurrences (e.g., Etnier and Jenkins 1980). The portion of the river where this positive 
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detection occurred appears to contain mostly low-gradient, run-pool habitat with relatively slow 

local water velocities. The substrate is characterized as having a large amount of fine sediment 

(clay) with medium gravel to small cobble (2.5-15.0-cm width) (Bovee 1982), sparsely dispersed 

throughout. Increased sampling with both traditional and molecular methods in this region 

could identify a more widespread distribution for N. stanauli in the Clinch River.  

My study highlights both the success of eDNA surveillance on rare fish in large riverine 

systems and the need for further research into this area of study. Noturus stanauli is a unique 

fish among the fauna in Tennessee river systems, being the smallest ictalurid species in the 

world and inhabiting two of the state’s largest rivers. Biosurveillance of N. stanauli is inherently 

challenging for both traditional and molecular methods. While eDNA surveillance can require 

optimization for unforeseen environmental variables the molecular tool offers a more efficient 

sampling protocol compared to traditional aquatic sampling methods for N. stanauli. In 

particular, the ability to collect surface samples reduces and potentially eliminates the need to 

enter the water, reducing contamination risk and harm to animals and associated habitat. In 

order to fully incorporate eDNA surveillance into routine management and conservation plans, 

both the biological and environmental factors that directly contribute to eDNA ecology (i.e., 

origin, transport, persistence, and fate) must be well-understood.   
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CHAPTER FOUR 

ENVIRONMENTAL DNA SURVEILLANCE OF THE INVASIVE SILVER CARP 

(HYPOPHTHALMICHTHYS MOLITRIX) IN THE DUCK  

RIVER, TENNESSEE 

 

Introduction 

 

Invasive aquatic species pose a unique challenge for biosurveillance efforts due to 

inherent limitations of capturing and identifying aquatic organisms compared to terrestrial 

organisms (Rahel and Olden 2008; Lowry et al. 2013; Thomaz et al. 2015). Aquatic researchers 

utilize specialized tools and techniques for aquatic biosurveillance because the physical 

environmental gradients that make up the complex habitats in aquatic landscapes reduce or 

inhibit the visual or auditory detection of aquatic taxa. Low abundances and cryptic behavior of 

invasive aquatic taxa further increases the difficulty associated with aquatic biosurveillance. 

Environmental DNA (eDNA) monitoring has been demonstrated to be a reliable and efficient 

surveillance tool for taxa that exhibit cryptic behavior, like aquatic invasive species (AIS). There 

are many advantages to using eDNA surveillance over conventional aquatic surveillance 

techniques, such as electrofishing and seining. The genomic material derived from discarded 

biological components can be used to track and monitor animals without any visual, auditory, or 

physical contact with the targeted organism. Environmental DNA monitoring is a non-invasive 

tool that eliminates both unintended harm to both target and non-target taxa and the need for 

taxonomic expertise, while reducing the amount of resources needed to perform thorough 

biological surveys (Dwyer et al. 1993; Hayes et al. 1996; Kelsch and Shields 1996; Reynolds 1996; 

Snyder 2003; Jerde et al. 2011; Thomsen et al. 2012).   
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While eDNA surveillance has made delineating the distribution of AIS more efficient, delineation 

of the leading edge of AIS pose unique challenges to biosurveillance as a whole. 

Delineating the distribution of an invasive organism in a riverine system can be 

challenging because the leading edge of an invasion may only be defined by a few individuals or 

a localized population, similar to rare species. The individuals composing the leading edge may 

not be detectable until the population increases in abundance some time later, i.e. the lag effect 

(Mooney and Cleland 2001). For example, Jerde et al. 2011, where able to detect two species of 

Asian carp (Hypophthalmichthys nobilis and H. molitrix) above a dam that putatively impeded 

the invasion of these two species into the Great Lakes. There was an 8-month lag period until 

electrofishing efforts were able to capture live specimens at the same location. Since this time, 

other studies have used eDNA surveillance to monitor the progression of the invasion of these 

two fish towards the Great Lakes (Jerde et al. 2013, Mahon et al. 2013, Wilson et al. 2014; 

Erickson et al. 2017; Song et al. 2017). More cost efficient preventative measures have since 

been developed and implemented in the river systems leading to the Great Lakes due to rapid 

and reliable eDNA surveillance.  

 The Asian carp invasion has unfortunately extended into tributaries of the Ohio River 

including the Tennessee River and its tributary the Duck River. Hosting more than 150 fish 

species and 66 freshwater mussel species, the Duck River is not only the most biologically 

diverse river in North America, but one of the greatest freshwater biodiversity hotspots in a 

temperate region (Shilling and Williams 2002; Ahlstedt et al. 2004). The Duck River is also widely 

used by the public for activities like sport fishing and recreational boating. Hypophthalmichthys 

moltrix represents a new biological threat to both the native biodiversity and the human 

population that use this river and its resources. The Silver carp was first detected in the Duck 

River in 2013 (Michael A. Clark, Tennessee Wildlife Resources Agency, personal communication). 
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The Columbia Dam is a low-head, non-operational dam in the Duck River near the border 

between the Upper and Lower Duck watersheds and is hypothesized to be a putative barrier to 

upstream dispersal; however, detection of this species has been imperfect and the extent of the 

distribution of the species is unknown.  

Reliable early detection allows resource agencies to develop cheaper preventative 

measures against AIS invasions, instead of more expensive post-invasion measures that can 

harm native biodiversity. (Hulme 2006; Mehta et al. 2007; Robinson et al. 2011). Environmental 

DNA surveillance would be beneficial for the native biodiversity in the Duck River by providing a 

non-invasive surveillance tool and providing information that ultimately would allow the 

development of less harmful and cost-effective preventative measures. In this study, I use eDNA 

surveillance to monitor for the presence of H. molitrix in the Duck River below and above the 

Columbia Dam. I use a published quantitative PCR (qPCR) assay for detecting H. molitrix in water 

samples collected at sites that span the entirety of the Lower Duck watershed, and into the mid-

reaches of the Upper Duck watershed. I also use the presence-absence information gained from 

molecular and traditional surveillance to provide information related to the dispersal and 

current leading edge of H. molitrix in the Duck River. 

 

Methods 

 

Study Area 

 

The Duck River is a major tributary of the Tennessee River, and is the longest river (457 

km) located entirely in Tennessee. The topography of the Duck watershed is karst and is 

characterized by sinkholes, springs, and disappearing streams. The geology of the river varies, 
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with Lower Carboniferous siliceous limestone characteristic of the headwaters; while the middle 

and lower parts of the river consist of Middle and Upper Ordovician rocks (Ortmann 1924). The 

surrounding land can be primarily classified as containing either evergreen, deciduous, or mixed 

forest, with the next major categorization being pasture and hay lands (TDEC 2005a, TDEC 

2005b). The source of the Duck River originates on the Highland Rim, with the river meandering 

and draining much of middle Tennessee before it enters into the Tennessee River. The entire 

watershed drains a total of 7,070 km2.  

I surveyed 14 sites in winter 2017 that spanned the entire Lower Duck watershed 

(n=10), and extend into the lower reaches of the Upper Duck watershed (n=4) (Figure 1). I 

surveyed 10 sites in summer 2018 that majorly focused with the Upper Duck watershed (n=8) 

and two sites occurring the Lower Duck watershed that provided partial overlap between the 

two surveys. 

 

DNA Extraction and Molecular Marker Development 

 

Genomic DNA was extracted from H. molitrix fin clips using the DNeasy Blood and Tissue 

kit (QIAGEN, Inc., Valencia, CA) following the manufacturers protocol, with exception to the first 

and last step. Tissue samples were digested at 56 °C for 36 – 48 hours. For the final elution step, 

spin columns were centrifuged at 10,000 rpm for 1 minute and eluted twice. Final DNA 

templates were eluted in 25 µL of AE buffer (QIAGEN, Inc.) and concentrations Were quantified 

using the Nanodrop Lite spectrophotometer (Thermo Fisher Scientific Inc, Waltham, MA).  

The assay used for this project was previous developed and lab-tested by Bronnenhuber 

and Wilson (2013) and field-tested in Wilson et al. (2014). This quantitative PCR (qPCR) assay 

consists of a primer set that amplifies a 96 bp COI fragment from species in the genus 
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Hypophthalmichthys. The probe, a short internal oligo specific to a region between the primers, 

is specific to H. molitrix (Table 4.1). I confirmed assay specificity in silico in 20 µL reactions with 

specific PCR chemistry and thermal profiles published in Wilson et al. 2014, using extracted 

genomic tissue from H. molitrix.  

 

Field Sampling and Sample Processing 

 

Water sampling protocols followed those published in Mahon et al. 2010. I collected 

four 4 L (total of 16 L) water samples over a 100 m reach from 14 sites (November 21 – 28, 

2017) and 15 sites (August 28 – September 20, 2018). One 4-L bottle of ultra-pure water served 

as a negative control at each site. The lid to the negative control bottle was opened and exposed 

to air for 10 sec, re-secured, and the entire bottled was submerged. All bottles were sealed with 

parafilm to guard against contamination, labelled, and stored on ice for transport back to the lab 

for further processing. All samples were filtered within 24 hours onto glass fiber filters (1.0-µm 

pore size; 47-mm diameter) using a vacuum pump attached to a filter manifold. Filters were 

quarter-folded using sterilized tweezers and placed in a 50-mL conical tube and stored in -20 °C 

until extraction. 

 

Contamination Protocols 

 

All contamination protocols followed those published in Mahon et al. 2010. Sterile latex 

gloves were worn for all parts of field sampling and water filtration. All equipment used for field 

sampling was sterilized using a 20% bleach solution for 20-30 seconds. After exposure to bleach, 

all equipment was thoroughly rinsed with tap-water. Nalgene bottles used for water collections 
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were sterilized using a 20% bleach solution for 20-30 sec, rinsed with tap-water, and autoclaved. 

All water samples were filtered in a room where PCR is not performed and carp tissues were not 

extracted. The immediate work area where water samples were filtered was sterilized with a 

20% bleach solution followed by rinsing with distilled water.  

 

DNA Extractions and Normalization 

 

One-fourth of each filter for each site was used for extraction of eDNA using the 

QIAamp Powerfecal Extraction kit (Qiagen) per the manufactures instructions. The eluted DNA 

from each filter for a site was pooled together after purification and quantified using a 

Nanodrop Spectrophotometer. The final pooled DNA from each site was diluted to 10 ng/µL.  

 

Quantitative PCR  

 

Tissue derived H. molitrix DNA was used to create a 5-fold serial dilution series in order 

to develop a standard curve that can be used to quantify DNA concentrations from unknown 

samples. A known DNA concentration, which falls in the middle of the standard curve 

regression, was used on every plate as a positive control and an external standard. 

Extracted DNA from each site was amplified for H. molitrix via qPCR with the Hsp_COI 

primer set and Hmo_probe using the specified chemistry and thermal profile published by 

Wilson et al. 2014 (Table 4.1). Each sample was independently amplified twice with eight 

technical replicates each time. I used the experimental framework presented in Ficetola et al. 

2015 to determine presence or absence based on amplification of H. molitrix eDNA. If two or 

more replicates yielded amplification for both independent qPCR runs, then a site was 
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designated as positive detection for H. molitrix. If only one qPCR run yielded amplification in two 

or more technical replicates, then a third amplification round was performed and used to 

determine positive or negative detection for a site. 

 

Results 

 

 Hypophthalmichthys molitrix was detected using eDNA at 9 of 14 (64%) sites in the Duck 

River during the winter 2017 sampling event. The average DNA concentration at each site 

decreased from downstream to upstream (Figure 4.2). The furthest downstream site (BCRD) had 

the highest average DNA concentration from both amplification rounds (2.69 x 10-4 ng/µL). The 

site with the lowest average DNA concentration from both amplification rounds was CLMB (1.20 

x 10-5 ng/µL). One site, TBRD, yielded positive amplification during the first amplification round, 

but yielded no amplification during the second round. A subsequent third amplification round 

also yielded no positive amplification for TBRD, and therefore this site was classified as negative 

for detection of H. molitrix.  

Two sites that were sampled during the summer 2018 survey, CBRD and HAMR, yielded 

amplification in several PCR replicates; however, the amplification of the PCR replicates 

occurred during the last five cycles of the runs. Amplification that occurs late in the reaction (≥ 

45) can be indicative of a false positive signal (Burns and Valdivia 2008; Caraguel et al. 2011). 

Therefore, all 10 sites that were sampled for the summer 2018 survey were classified as 

negative for detection of H. molitrix.
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Discussion 

 

 Environmental DNA surveillance can be an effective tool for detection of invasive 

species in large riverine systems. Hypophthalmichthys molitrix was readily detected at all, but 

one site below my hypothesized leading edge in winter 2017. The putative leading edge at the 

time of winter 2017 was determined to be CLMB, a site located just downstream of the 

Columbia Dam. Within the 10 sites that occur below Columbia Dam, the average eDNA 

concentration among PCR technical replicates for sites with positive detection noticeably 

declined in an upstream direction towards the dam (Figure 4.1 and Figure 4.2). The pattern 

observed in eDNA concentration may indicate the abundance or biomass of H. molitrix at each 

site. Several studies have found a correlation between eDNA concentration and abundance or 

biomass of fish at micro-, meso-, and macrocosm levels (Thomsen et al. 2012; Pilliod et al. 2013, 

Takahara et al. 2012, Mahon et al. 2013; Lacoursiere-Roussell et al. 2016; Doi et al. 2017). The 

abundance of fish (and eDNA concentration, by association) in an unoccupied river is expected 

to decrease as individuals move upstream from the source of the invasion (i.e., the mouth of the 

river) to unestablished areas (i.e., below Columbia Dam) during the initial invasion (Peterson and 

Fausch 2003; Lowe and Allendorf 2010; Nislow et al. 2011).  

Stochastic environmental variables contribute further unexpected challenges to 

delineation of invasive species. The Columbia Dam is a non-operational dam that is still intact 

and acts as a barrier to fish movement upstream. The dam, however, is located in an area that 

experiences flooding that allows passage of fish to upstream reaches (Barredo et al. 2010). From 

2013 - 2019, there have been 15 flooding events where the river depth exceeded 7.5-m, 1.5-m 

higher than the Columbia dam (USGS National Water Information System). Flood pulse events 

have been associated with increased movement and induction of spawning migrations for H. 
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molitrix (Krykhtin and Gorback 1981; Abdusamadov 1987; Peters et al. 2006; DeGrandchamp et 

al. 2008). Flooding events that have exceeded the height of the dam may have allowed dispersal 

of H. molitrix to further upstream reaches of the Duck River not typically accessible during 

normal flows. My eDNA surveillance detected a putative signal for H. molitrix at two sites above 

the Columbia Dam (CBRD and HAMR; Figure 4.1) from the summer 2018 samples. Because these 

signals fell outside the range of reliable qPCR amplification, I could not classify CBRD and HAMR 

as positive for detection of H. molitrix. In summer 2018, the Tennessee Wildlife Resources 

Agency (TWRA) conducted an independent rapid response survey in response to claims of H. 

molitrix presence above the Columbia Dam from local anglers. One live individual was captured 

by TWRA personnel downstream of the MTWN site, which is below the Milltown Dam (Figure 

4.1). Additionally, several individuals were observed jumping out of the water during this 

electrofishing survey.  

For indirectly surveillance methods, like eDNA monitoring, it is important to assess and 

control errors related to false positive and false negative, especially when results are potential 

factors affecting management decisions. Experimental design optimization has been thoroughly 

conducted and tested among many studies, such that false positive results are very unlikely 

(sensu Ficetola et al. 2015). In this study, my experimental design included molecular market 

assessment, several layers of negative control testing, and technical PCR replication, all of which 

provide a robust design for preventing plausible false positive signals.  

Conversely, false negative signals are more likely to occur for eDNA sampling as a result 

of many factors such as density of fish, stratification and mixing of eDNA, flow rates, and even 

sampling effort (Jerde et al. 2011). In my study, false negative results could result from lack of 

temporal sampling and dispersal patterns H. molitrix. I was only able to sample each site one 

time, with the exception of CLMB, which was sample in both winter 2017 and summer 2018. 
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Repeated trips with positive samples over multiple years will increase the likelihood of detection 

and robust positive detection, especially for the leading edge (Jerde et al. 2011). Reliable early 

detection will be limited to repeated sampling within a small time frame (days – several weeks) 

because by the time repeated sampling over longer time frames (months - years) may yield 

positive detection, the AIS population may increase beyond preventative dispersal efforts and 

require more expensive eradication measures (Hulme 2006).  

Habitat and environmental preferences will drive the movement of fishes and 

determine whether a species passes through or permanently resides in the area, which will 

directly affect eDNA detection. The Duck River offers better reproductive conditions compared 

to larger systems, like the Tennessee River and Ohio River (Briggs et al. 1977; Rach et al. 2010). 

Flood pulses that act as primary reproductive cues could drive H. molitrix to disperse into the 

Duck River to spawn. While the Duck River does offer many of the preferred feeding resources 

associated with silver carp (e.g., slow to moderate flow areas with a large concentration of 

phytoplankton) (Calkins et al. 2012), the systems carrying capacity will determine if a substantial 

population can persist in the river. Very limited information exist to inform what silver carp 

population size could be relative to a system carrying capacity (Sass et al. 2010; Tsehaye et al. 

2013), which may help determine temporary dispersal or permanent residence of H. molitrix in 

the Duck River. If H. molitrix uses the Duck River as a temporary spawning habitat, then false 

detections are likely to increase with minimal sampling in the upper stream reaches when 

spawning is not occurring. Further research is needed to assess detection rates during pre- and 

post flood pulse events for H. molitrix.  

No technique is without its limitations, including environmental DNA surveillance, and 

the additive efforts of traditional and molecular surveillance can provide more effective 

monitoring than either technique alone. The sighting and capture of a live individual lends 
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support that a true positive eDNA signal was detected at the CBRD and HAMR; however, the 

initial eDNA concentration in the sample was too low, as it falls below the limits of reliable 

detection for qPCR amplification (Burns and Valdivia 2008; Caraguel et al. 2011; Schultz and 

Lance 2015). Low eDNA concentrations may also explain why amplification above the threshold 

occurred in only a few technical replicates for TBRD in the winter 2017 survey. The amplification 

in TBRD, CBRD, and HAMR, was likely the result of low concentrations of H. molitrix eDNA in 

field samples and not from contamination, as all negative controls (field, extraction, and PCR) 

Were negative for Carp eDNA. Identifying the physical conditions that exist in a targeted system 

may help to concentrate sampling efforts towards areas more favorable to AIS and increases 

detectability and early detection (DeGrandchamp et al. 2008). For AIS in non-native systems, 

dispersal of individuals and persistence of populations can be mechanistically driven by habitat 

complexity, predator-prey dynamics, resource availability, environmental conditions, and 

anthropogenic barriers (Shea and Chesson 2002; Nislow et al. 2011; Bajer et al. 2012; Kornis et 

al. 2013), and therefore make optimization more challenging.  

My study provides evidence that eDNA surveillance can be quite useful for the detection 

of H. moltrix in biologically diverse systems like the Duck River. The leading edge of an aquatic 

invasion can be difficult to delimit, even for robust and sensitive tools like eDNA. Molecular and 

traditional surveillance used in tandem can increase detection probability and further increase 

the likelihood of early detection of invasive species. Further eDNA surveillance efforts should 

consider different environmental conditions, like flood pulses, that could increase detection 

probability and delimitation of the leading edge of AIS invasions. Results here suggest that H. 

molitrix has dispersed past Columbia Dam, which was hypothesized to be a preventative barrier. 

Continued monitoring upstream of the Milltown Dam is still needed. Milltown Dam, like 

Columbia Dam, is a low-head dam that also been inundated by flooding events, which may have 
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facilitated dispersal of H. molitrix to further upstream reaches of the Duck River. If dispersal 

continues, H. molitrix may be capable of invading Normandy Lake, which is an economically 

valuable resource for both municipal water and recreational activities.  
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CHAPTER FIVE 

REPLACING PATCHWORK PIPELINES: EVALUATION OF A BIOINFORMATIC TOOL USED FOR 

MOLECULAR TAXONOMIC IDENTIFICATION OF FRESHWATER FISHES  

IN ENVIRONMENTAL SAMPLES 

 

Introduction 

 

A molecular toolset is important for addressing ecological questions that traditional 

techniques have found challenging, such as species systematics and phylogenies, population 

delimitation, and even species delineation and distribution (Blanchet 2012; Ovenden et al. 2015; 

Keat-Chuan Ng et al. 2017). Environmental DNA (eDNA) monitoring is an alternative surveillance 

technique that targets the discarded biological components of surveyed animals by collecting 

samples from the animal’s environment. This offers several advantages over traditional aquatic 

surveillance techniques, such electrofishing or seining, that require the physical capture of 

organisms for identification. The genomic material left behind in water provides a non-invasive 

and easy to capture source of ecological information for freshwater fishes that requires no 

taxonomic identification experience (Karr 1981; Teletchea 2009; Evans et al. 2016; Barnes and 

Turner 2016).  Environmental DNA monitoring is especially useful in riverine systems that 

contain a wide array of physical environmental variables (e.g., wide cross sections, deep 

stretches, high discharge, or large amounts of woody debris and boulders) all of which can limit 

or inhibit traditional sampling efforts (Dwyer et al. 1993; Reynolds 1996; Snyder 2003). 

Biological variables associated with a taxon, such as low species abundance or cryptic behavior, 

are more easily optimized for with eDNA surveillance of single-species or entire communities.  
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Since its first applications more than a decade ago, eDNA monitoring has advanced 

beyond single-species detection. High-throughput sequencing (HTS) coupled with eDNA 

detection, termed eDNA-metabarcoding, uses a hypervariable region of the mitochondrial 

genome for species-level detection of tens to hundreds of taxa in a single sample. Researchers 

can gather community-level information, e.g., community composition, multi-species 

distributions, or even population genetics, with little to no harm to taxa or the environment, and 

with decreased effort and reduced resources compared to traditional surveillance (Barnes and 

Turner 2016; Evans et al. 2017b). Many fish assemblages have been characterized with eDNA-

metabarcoding (Miya et al. 2015; Evans et al. 2017a; Valentini et al. 2016; Shaw et al. 2016), but 

more complex ecological questions have yet to be addressed with eDNA-metabarcoding, such as 

assessing environmental influences that affect fish community composition. 

Fish assemblage biodiversity is commonly used to assess the ecological health of rivers, 

which can be affected by alterations to surrounding land coverage and water quality. Biological 

metrics calculated from any number of phylogenetic or life-history traits are used to quantify 

the response of fish assemblages to environmental influences (Karr 1981). Continued research in 

fish bioassessment has focused on using biotic metrics to answer ecological questions related to 

the spatial patterns of species richness and the relationship between biodiversity and ecological 

function (Hitt and Angermeier 2006, Hitt and Angermeier 2008; reviewed in Moog et al. 2018). 

In addition, bioassessments are important to monitor the results from employed conservation 

plans, such as stocking new populations of a species or monitoring the effects of landscape 

restoration (George et al. 2009; Tharme et al. 2018; Kroll et al. 2019). Data acquisition for fish 

bioassessments varies depending on the surveillance techniques that are used. Traditional 

surveillance techniques allow researchers to directly identify captured fishes, where molecular 

surveillance requires processing and filtering millions of sequences before taxonomic 
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identification is assigned to each sequence. Robust bioinformatic analyses are required to 

process the large amount of data generated by HTS so that accurate conclusions about 

biological patterns can be reached before conservation decisions are made. 

Before any community-level analyses can be performed, the raw sequence data from 

HTS must be processed through a series of analytical steps collectively referred to as a 

bioinformatic pipeline. Processing raw sequence data through a pipeline requires shepherding 

many files through a series of filtering steps, which currently relies on several different 

executable command line software written for Unix-compatible operating systems (Leipzig 

2017). Organization and proficiency in various computer languages (e.g., Python or Perl) are 

required to efficiently process HTS data, which is a time-consuming task. This is especially true 

for new-users that that are unfamiliar with the various program language used to create de 

novo pipelines. Pipelines used for bioinformatic analyses of fish assemblages commonly contain 

several programs for de-multiplexing, sequence and chimera filtering, and sequence clustering, 

and are tedious to optimize (Miya et al. 2015; Evans et al. 2017a; Valentini et al. 2016; Shaw et 

al. 2016).  A more heuristic and efficient bioinformatic tool is needed that provides accurate 

taxonomic identification, thereby allowing molecular fish ecologists to standardize 

metabarcoding analyses and provide reproducible results in a timely manner. 

The development of the open-source, platform-independent, and community-

supported software, mothur, is a comprehensive software package that allows users to process 

HTS data within a single piece of software (Schloss et al. 2009). Mothur was developed for the 

analysis of microbial communities, and has only been used in one study to characterize non-

microbial communities, i.e., marine benthic metazoans (Aylagas et al. 2017). Mothur is easily 

adapted to processing non-microbial metabarcoding datasets due in part to the ability to curate 

a de novo pipeline with user-determined parameters and a custom reference sequence 
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database, which allows the user to process large amounts of HTS data in just a few hours. 

Mothur is written in C++, which is computationally faster at analyzing data than other languages 

such as Python or Perl. The use of C++ facilitates understanding and utilization of mothur 

because users will be familiar with other programs written in C++ that are common to scientific 

analysis (e.g., R). More importantly, mothur offers a more accurate sequence classification 

scheme compared to commonly used sequence classification techniques, e.g., BLAST (Wang et 

al. 2007; Schloss et al. 2009). Bioinformatic tools that allow quick and accurate analyses of HTS 

data are salient for management decisions that rely on molecular data, especially in biological 

diverse systems like those in the southeastern United States. 

The southeastern United States is widely recognized as a global hotspot for freshwater 

biodiversity (Abell et al. 2008; Collen et al. 2014; Elkins et al. 2019).  A recent assessment of 

southeastern U.S. fishes and associated watersheds found that the conservation priorities 

related to both endemism and imperilment were concentrated in Tennessee rivers which 

contain more than 320 fish species (Etnier and Starnes 1993; Page and Burr 2011; Elkins et al. 

2019). The Duck and Clinch Rivers in Tennessee are hotspots for endemism and imperiled 

species. Hosting more than 150 fish species, the Duck River is the most biologically diverse river 

in North America and a temperate region (Shilling and Williams 2002; Ahlstedt et al. 2004). The 

Clinch River also host a wide array of fish species (>100), representing a global hotspot for 

endemic and imperiled species (Master et al. 1998; Zipper et al. 2014; Elkins et al. 2019).  Local 

resource agencies regularly monitor the taxonomically diverse fish communities in these two 

rivers using traditional surveillance methods. Environmental DNA surveillance would provide 

two key benefits over conventional surveillance in the Duck and Clinch Rivers. First, eDNA 

surveillance can allow a larger area to be surveyed more quickly without being hindered by the 

physical environment of the river compared to traditional surveillance. Second, eDNA 
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surveillance is particularly important in the Duck and Clinch rivers because of the amount of 

threatened and endangered taxa that need to be monitored without causing unintended harm. 

Incorporation of molecular surveillance in biological surveys and ecosystem health 

assessments aligns with the goal of imperiled species conservation. Time is a crucial factor for 

developing and implementing conservation policies, and thus it is important that tools used to 

collect ecological data are not only efficient, but accurate as well. In this study, I investigated 

mothur as a new bioinformatic tool that can be used with eDNA-metabarcoding surveillance of 

fish assemblages for ecosystem health assessments.  A de novo pipeline for processing HTS data 

was developed, and I tested the ability of this pipeline to identify sequences to a species-level at 

three classification levels (80%, 90%, and 97%) and used traditional surveillance data as a 

baseline for comparison. Species composition and biological metrics were used to detect and 

measure patterns in fish assemblages from both rivers with molecular surveillance and were 

compared to traditional surveillance data. Lastly, I ordinated surrounding land cover variables to 

species composition and biometric composition for each classification level in molecular 

sampling and traditional sampling to explain variation in observed fish assemblage patterns. I 

hypothesized that eDNA-metabarcoding coupled with mothur would be equally successful at 

characterizing biologically diverse fish communities compared to traditional surveillance. I also 

predicted that molecular surveillance could identify factors that influence community 

composition along a riverscape with equal reliability and accuracy to traditional surveillance 

techniques. 
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Methods 

 

Study Area 

 

The Clinch River originates in Virginia, United States, where it runs southwesterly into 

eastern Tennessee. The Clinch River stretches 325 km through Tennessee, spanning a number of 

different physiographic provinces, before ultimately draining into the Tennessee River. The 

Tennessee portion of the Upper Clinch watershed drains 3,470 km2. Biodiversity within the 

Clinch River has been negatively impacted over the last few decades by anthropogenic 

influences (e.g., chemical run-off and sedimentation as a result of poor land-use practices, fly 

ash spills, and coal mining pollution) (USFWS 2008).   

The Duck River is the longest river entirely in Tennessee, originating in central 

Tennessee and spanning 457 km west-northwest until it empties into the Tennessee River. The 

entire watershed drains a total of 7,070 km2. Hosting more than 150 fish species and 66 

freshwater mussel species, the Duck River is not only the most biologically diverse river in North 

America, but is also one of the greatest freshwater biodiversity hotspots in a temperate region 

(Ahlstedt et al. 2004; Shilling and Williams 2002). A majority of this diversity has been adversely 

affected by human disturbances, either by chemical run-off and sedimentation because of poor 

land-use practices or by the construction of dams (USFWS 2008). 

 

NGS Assay and Reference Database 

 

 Genetic marker selection. Mitochondrial DNA (mtDNA) was chosen as a genetic marker 

for three reasons. First, mtDNA exist in greater copy numbers than nuclear DNA per cell and 
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increases the detection rate of taxa, even when the overall DNA concentration is low in an 

environmental sample. Second, there are more reference sequences available for mtDNA 

makers compared to nuclear markers. Lastly, mtDNA offers a wider variety of barcoding regions 

which allows for more specific taxonomic identification among closely related syntopic taxa. We 

used a metabarcoding assay, Mi-Fish-U, developed by Miya et al. (2015). The assay primers (Mi-

Fish-F/R) target conserved regions that respectively flank a hypervariable region of the 12S rRNA 

gene in fishes. The amplicon size varies between species (163-185 bp) and provides sufficient 

information to identify a wide range of fishes at a family, genus, and species level.  

 Reference sequence database. A reference database was developed for known fishes 

endemic to the Duck and Clinch Rivers and then curated for each river. Whole genomes or 

partial sequences for fishes were downloaded from the genetic repository, Genbank, and 

trimmed to our region of interest. For species that had no reference sequences available in 

Genbank, I generated 12S rRNA reference sequences from tissue-derived DNA (Table 5.1). Tissue 

samples were collected from over 100 species that were unambiguously identified by individuals 

with taxonomic expertise, such as Tennessee Valley Authority (TVA) personnel, Conservation 

Fisheries, Inc. (CFI), or local university ichthyologists and taxonomists. Tissue samples were 

stored in 95% ethanol at -20°C until DNA extraction. DNA was extracted with the DNeasy Blood 

and Tissue Kit (Qiagen) per the provided protocol with one modification. Purified DNA was 

eluted from spin columns with 25 µL of the kit elution buffer (AE buffer). The eluted DNA was  

then pipetted back into the spin column, incubated at room temperature for 1 minute, and 

centrifuged to increase DNA yield. All purified DNA concentrations were measured using a 

Nanodrop Spectrophotometer.  

 Purified DNA was amplified using the Mi-Fish-U assay (no adapter sequences). All 

reactions were carried out in a 15 µL reaction volume containing 3 µL Flexi Buffer (5X), 0.9 µL 
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MgCl2+ (25mM), 1.20 µL dNTPs (4 µM), 1.5 µL of each primer (10 µM), 0.04 µL Taq polymerase (5 

U/ µL), 1.86 µL of sterile PCR water, and 5-µL of template (15–50 ng/µL). Thermal cycling 

conditions were: 94°C for 2 min, 35 cycles of 98°C for 5 s, 50°C for 10 s, 72°C for 10 s, and a final 

elongation of 72°C for 5 min. Results were visualized in a 1.5% TBE agarose gel stained with 

GelRed under a UV Gel imager. Primers and dNTPs were removed from PCR products prior to 

sequencing using exonuclease I/shrimp alkaline phosphatase (New England Biolabs). Bi-

directional Sanger sequencing was performed on an ABI 3730 automated sequencer (MCLab). 

Sequences were edited and assembled in Sequencher v5.2 (Gene Codes Corp.), and imported 

into BioEdit (Hall 1999) for alignment using Clustal X. Sequence alignments were imported into 

MEGA v7 (Kumar et al. 2018) and pairwise genetic distances between each sequence were 

calculated using a Kimura 2-parameter (K2P) model (Kimura 1980). I used the K2P distance to 

estimate the genetic distances between sequences and remove sequences that may have 

resulted in conflicting sequence classification (i.e., sequences with a genetic distance ≤ 0.010, 

representing 0-1 bp differences).   

 

Water Sampling and Filtration 

 

 Field sample collection protocols followed the procedure described by Mahon et al. 

(2010). Water samples were collected at 14 sites in the Duck River from 21–28 November 2017, 

10 sites in the Clinch River from 26–31 January 2018 (Figure 5.1; Figure 3.1). All samples were 

collected in 4-L Nalgene bottles that were sterilized with a 20% bleach solution, thoroughly 

rinsed with tap water, and then autoclaved before sampling. At each site, four surface water 

samples (16-L total) were evenly collected along a 100-m reach. One 4-L bottle containing Milli-

Q water was used a negative control at each site. The negative control was exposed to air for 10 
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seconds while standing in the stream, recapped, and submerged to assess if cross-

contamination occurred between sites within each river. The outside of all bottles were dried of 

excess water, sealed with parafilm, and transported back to the lab on ice for filtration. All water 

samples were vacuum-filtered onto 1.0-µm pore size, glass fiber filters (Whatman) within 24 

hours and stored in 50-mL conical tubes at -20°C until DNA extraction. All filtration equipment 

was decontaminated with a 20% bleach solution and rinsed with deionized water after filtration 

of each sample. 

 

Environmental DNA Extractions  

 

The QIAamp Powerfecal DNA Kit (Qiagen®) was used to extract and purify eDNA from 

filters per the manufacturer’s protocol, with two exceptions: (1) a FastPrep tissue homogenizer 

(Thermo Savant) was used at 6 m/s for 60 s for the lysis step and (2) DNA was eluted in 20 µL 

(instead of the recommended 100 µL) of the provided buffer solution. An extraction blank was 

performed during each round of DNA extractions. DNA quantification was measured using a 

Nanodrop Spectrophotomer and all samples were diluted to approximately 10 ng/µL before PCR 

amplification and sequencing.  

 

Paired-end Library Preparation and MiSeq Sequencing 

 

 Water samples collected from the Clinch and Duck Rivers, along with associated field 

negative controls and extraction blanks, were used for amplification with the Mi-Fish-U assay. 

All equipment and work spaces were sterilized prior to library prep. Pre- and post-PCR steps 

were performed in separate areas to reduce the risk of cross-contamination, in addition to the 
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use of filtered pipette tips for every step. Library preparation and sequencing was performed 

according to the protocol listed in the Illumina 16S Metagenomic Sequencing Library 

Preparation guide. 

The first round PCR (i.e., amplicon PCR) was carried out in 25 µL reactions containing 

12.5 µL MCLab HiFi Mastermix (2X), 1.0 µL of the forward and reverse primer with adapter 

sequences (10 µM), 5.50 µL PCR-grade water, and 5 µL DNA template. All reactions were 

amplified using an initial denaturing of 98°C for 2 min, followed by 35 cycles of 98°C for 10 s, 

65°C for 15 s, and 72°C for 5 s, and a final extension of 72°C for 5 min.  

The second round PCR (i.e., index PCR) was carried out in 50 µL reactions containing 25 

µL MCLab HiFi Mastermix (2X), 5.0 µL of two index primers (10 µM), 5.50 µL PCR-grade water, 

and 5 µL DNA template. All reactions were amplified using an initial denaturing of 98°C for 2 

min, followed by 35 cycles of 98°C for 10 s, 65°C for 15 s, and 72°C for 5 s, and a final extension 

of 72°C for 5 min. The Nextera XT index kit set B was used for the index PCR. Each primer in this 

kit has a small fragment that is complementary to the adapter region of the amplicon PCR 

primers. Additionally, each index primer has a unique 8-mer, such that the combination of any 

two-index primers assign a unique ‘barcode’ to each sample. A subset of samples were viewed 

using gel electrophoresis after the amplicon and index PCR to assess amplification of the target  

fragment size. I also viewed the same subset of samples using gel electrophoresis to ensure 

primer dimer from amplification was removed and the target fragment size was retained after 

each bead clean-up.  

All reactions were quantified using the Quant-iT™ Picogreen™ dsDNA Assay Kit 

(Invitrogen) on an HTX multi-mode microplate reader (Synergy™). Samples were normalized to 4 

nM by diluting with PCR-grade water and then pooled together. The pooled library 

concentration was quantified with Picogreen as mentioned above. Upon verification of the 
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correct concentration (4 nM), the pooled library was denatured with 0.2 N NaOH, and diluted 

with HT1 buffer (provided in the Illumina MiSeq v2 reagent kit 500 cycle [ 2 x 300bp PE]) to 4 

pM.  The denatured library was spiked with 15% denatured PhiX to act as a positive sequencing 

control and improve data quality. PhiX was also denatured with 0.2 N NaOH, and diluted with 

HT1 buffer to 4 pM. 

 

Bioinformatic Pipeline and Taxonomic Assignment 

 

 Base calling and demultiplexing used the Illumina Real Time Analysis (RTA) v1.18.54 and 

MiSeq Reporter v2.6, respectively, to generate FASTQ files. The custom pipeline described 

herein for sequence pre-processing follows the framework of Miya et al. (2015) while utilizing 

the program mothur (v1.39.5) and associated functions as mentioned in Schloss et al. (2009) and 

Kozich et al. (2013). The mothur script used to analyze the dataset is provided in Appendix C. 

The pipeline was independently applied to sequences from the Duck and Clinch rivers. After 

contigs were formed from pair-end reads, contigs with less than 9-bp overlap were removed. 

Primer and adapter sequences were removed, allowing for 4bp differences between either 

primer. Further filtering removed any sequences from analysis containing ambiguous base calls, 

homopolymers greater than 6 nucleotides, and sequences whose min and max length exceeded 

145 – 190 bp, respectively. Unique sequences were screened for chimeras using the mothur 

UCHIME algorithm (Edgar et al. 2011), which were then removed. Any sequences associated 

with negative controls (field, extraction, or PCR) were removed from all samples (i.e., the final 

dataset). All sequences were clustered at 100% similarity (0 bp differences) into operational 

taxonomic units (OTUs), and taxonomically classified to the respective reference database. I 

choose three cutoffs that represent a low (80%), medium (90%), and high (97%) sequence 
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classification scheme, where cutoffs correspond to confidence levels. Mothur classifies 

sequences according to the naïve Bayesian approach (Wang et al. 2007). A Bayesian approach 

uses an iterative process to classify sequences based on the most probable match to different 

length k-mers (Wang et al. 2007). Any sequences that were classified as ‘unknown’ were 

removed from the analysis. Multiple OTUs classified as the same taxonomic assignment were 

combined into a single OTU representative of a given taxon. Sequencing error, PCR error, or 

polymorphic variation within a population can all contribute to differences (one or two 

nucleotides) in sequences for the same species, and therefore may be considered operationally 

identical (Miya et al. 2015). Bioassessment of fish communities requires species level 

information; therefore any OTU that was not classified to the species level was removed from 

further analyses, along with any singletons.  

 

Fish Collection 

 

 The data set used for the traditional sampling portion of my analyses in the Duck River is 

a subset of the data used in Miranda et al. 2018 and acts as a comparative baseline. Fish were 

collected from 14 sites spanning the main stem of the Duck River from 1990 – 2014 by the TVA 

(Figure 5.1). Several sites were sampled multiple years (1 -12 sampling events per site). 

Abundances for each species at each site, across all sampling events, were pooled together, 

such that each site contained a list of species representing all species that have ever been 

detected at a given site. Miranda et al. (2018) do not combine multiple richness estimates made 

at a single site because richness could be unequal due to annual variability in precipitation. One 

of the goals of my study is to assess community composition as a factor of sampling technique, 

i.e., molecular and traditional. Here, I combine species richness estimates from multiple years at 
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one site because the presence of a given species at any site represents a putative member of 

the community that can occupy that site at any point in time and has the potential to be 

detected regardless of environmental conditions. Species richness temporal aggregation in this 

respect also reduces uncertainty related to the heterogeneity in probabilities of detections 

because of sampling effort, environmental factors, and differences between species life histories 

(Dorazio and Royle 2003, Mackenzie et al. 2005).  

 Fish collections were typically performed between April and August, with a few 

sampling events conducted in November, using a standard three-pass depletion electrofishing 

protocol of each habitat type, i.e., riffle, run, pool, and shoreline. Approximately, 50-m long 

reaches, of each habitat (pending habitat availability), were sampled until no new species were 

collected. If a new species was collected, an additional three passes were performed until 

species depletion in the respective habitat. Deeper pools were sampled with a motorized boat 

fitted with electrofishing gear, also using the same three-pass depletion method. All captured 

fish were identified to species and released, with voucher specimens retained as needed. 

 

Biometric Data 

 

Four metric categories were examined: taxonomic family, water utilization, trophic 

guild, and reproductive guild (Table 5.2). Taxonomic metrics assessed a variety of characteristics, 

such as species richness and proportions of families of fishes, including proportions of native (N) 

species. Water utilization designated each species as benthic or pelagic based on water column 

use. Benthic utilization is designated to those species that are largely restricted to the stream 
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bottom resulting from specialized adaptations, such as enlarged pectoral fins, reduced or 

missing swim bladder, sub-terminal or inferior mouths, or preferred habitat as driven by food 

preference (Angermeier et al. 2000). 

 Trophic guild metrics were developed using the framework presented by Angermeier et 

al. (2000) and Hitt and Angermeier (2008) and were assigned using information provided in 

Etnier and Starnes (1993) and Boschung and Mayden (2004), except where noted (Table 5.3). 

Five food types were recognized: (1) vegetation (phytoplankton, algae, or vascular plants), (2) 

detritus, (3) invertebrates, excluding crayfish (aquatic insects and mollusks), (4) fish (fish, fish 

blood, and crayfish), and (5) other (reptiles and amphibians). I used these five food types to 

identify five different trophic guilds that span a gradient of herbivory to carnivory, including: (1) 

herbivory (HERB), (2) omnivory (OMNI), (3) invertivory (INVT), (4) piscivory (PISC), and (5) 

carnivory (CARN). Feeding guilds represent the primary food types of adult fishes. Herbivory 

describes any fish that consumes either food type 1 and/or food type 2. Omnivory describes 

fishes who food source is a mix of food type 1-5. Invertivory describes fishes whose sole food 

source is food type 3. Piscivory describes fishes whose primary food source is food type 4. Lastly, 

carnivory describes fishes whose food source includes a mix of food types 3, 4, and 5.  

Reproductive guild metrics were assigned using the methodology in Hitt and Angermier 

(2008), except where noted (Table 5.2). Fishes were classified into one of three reproductive 

guilds: (1) Non-lithophilic (NL), (2) Simple-lithophilic (SL), and (3) non-simple lithophilic (NSL) 

(Table 5.3). Non-lithophilic fishes are characterize as spawning over non-mineral substrates, 

such as vegetation or detritus. Simple-lithophilic spawners either lay clusters of eggs on or 

broadcast spawn over mineral-based substrates, ranging from sand to bedrock. Non-simple 

lithophilic spawners use a wide range of mineral-based substrates and construct nest and/or 

provide parental care.  
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Land Cover Variables 

 

 The national land cover dataset (NLCD) 2011 package was imported into ArcMap 

(v10.6), and trimmed to the Duck and Clinch River watersheds. The coordinates for each 

sampled site were imported into the map and a 1-km and 750 km buffer zone was created 

around each site for the Duck and Clinch rivers, respectively. Land cover variables were 

extracted from the NLCD 2011 raster layer (30-m spatial resolution) within the buffer zone 

around each site, and each land-use variable was calculated as a proportion of the total area. 

Land cover variable proportions were calculated for 15 land cover variables that encompassed 

both human altered landscapes and undisturbed landscapes (Table 5.4). Variables that 

represented a gradient of a particular feature, i.e., developed land – low intensity, medium 

intensity, high intensity and forest – deciduous, evergreen and mixed, were collapsed into a 

single variable if needed to eliminate collinearity. The land cover percentage associated with  

each variables was tested for multi-collinearity using a Spearman’s Rank correlation in R v3.5.1 

(R Development Core Team 2017). Any covariates with a Rho ≥ 0.7 were removed from further 

analyses (Dormann et al. 2013).  

 

Statistical Analysis 

 

 Rarefaction curves were generated to calculate coverage to determine sampling effort. 

The pooled species abundance for each site in the traditional dataset were subsampled at the 

smallest total site abundance (n=536; iters=100,000) and the molecular dataset was subsampled 

at the smallest total read abundance for each classification level (n = 6,309, 5,964, and 5,489, for 

80%, 90%, and 97%, respectively; iters=100,000) using mothur (v.1.39.5). The species richness 
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and proportion of species composing each metric was calculated for each site, respectively. 

These metrics represent measurements used in biological assessments and have shown 

significant relations with environmental factors (Karr 1981, Angermeier et al. 2000, Hitt and 

Angermeier 2008).  

 Species data for both traditional species abundances and molecular sequence 

abundances were standardized using the Jaccard transformation to convert abundances to 

presence-absence (i.e., 1 and 0), respectively. Jaccard transformation allows for direct 

comparison of species richness between traditional and molecular techniques, and gives equal 

weight to all species (Barwell et al. 2015, Socolar et al. 2016). Biometric data for traditional and 

molecular data sets were transformed using a Log + 1 feature (accounting for zeros in the 

dataset) to improved linearity and reduce heteroscedasticity. Lastly, land cover variables were 

transformed with a Box-Cox-chord (BC exponent λ = 0.20 for Duck molecular and traditional 

sites; BC exponent λ = 0.10 for Clinch molecular sites) to improve spread for more accurate 

comparison between sites within a dataset (Legendre and Borcard 2018). Jaccard 

transformation was conducted in Primer 7 and Box-Cox-chord transformation was conducted 

using the BCD and box.cox.chord functions in the vegan package in R (Legendre and Borcard 

2018, R Development Team 2017). Bray-Curtis dissimilarity matrices were generated for 

biological data (species presence/absence and biometrics) and Euclidean-distance matrices 

were generated for land cover variables in Primer 7. Biological community data often exhibit 

non-normal distributions, and therefore dissimilarity matrices are a good choice for analyzing 

these type of data using non-parametric analyses (Clarke 1993; Legendre and Borcard 2018).  

Nonmetric ordination was used to visually explore differences and similarities in 

assemblages in the molecular and traditional datasets. Non-metric multidimensional scaling 

(nMDS) ordination was used to help observe the partitioning of assemblages among the 
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molecular presence-absence and biometric data for the Duck and Clinch rivers, as well as, the 

assemblages in traditional presence-absence and biometric data for the Duck River. A one-way 

analysis of similarity (ANOSIM) was performed on the Bray-Curtis dissimilarity matrix to test for 

differences between classification schemes for molecular presence-absence and biometric data 

in both rivers. Similarly, a one-way ANOSIM was used to test for differences between technique 

(i.e., molecular or traditional) in the Duck River.  Similarity percent analysis (SIMPER) was 

conducted to determine which species (presence-absence data) and metrics (biometric data) 

contributed to the greatest similarity among sites for both rivers. SIMPER was also conducted to 

determine which species and metrics contributed to the dissimilarity between sites for 

molecular dataset in both rivers and the traditional dataset in the Duck River, respectively.  Land 

cover variable patterns were tested for correlation to patterns in species presence-absence and 

biometric patterns in both rivers using RELATE, a non-parametric equivalent of the Mantel test.  

 

Results 

 

NGS Reference Database 

 

 The reference database comprising newly generated and previously published 12S rRNA 

sequences included 174 species that occur in either or both the Clinch and Duck rivers. Five 

species represented non-fish taxa used as positive control in both the Duck and Clinch River 

databases (Table 5.1). Another 15 species represented fishes that are do not have known 

occurrences in the Clinch or Duck rivers and act as negative controls for contamination and 

classification error. The Duck River database contained sequences from 105 resident fish 

species, and the Clinch River contained sequences from 77 resident fish species.   
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Duck River 

 

      Species richness composition. The paired-end sequencing of 33 libraries yielded a total 

of 4,475,646 sequences. A total of 14 libraries were used for my final molecular analyses. The 

remaining 19 libraries consisted of negative controls (field, extraction, and PCR), and were used 

to remove potential contamination. Initial de-multiplexing and subsequent raw data processing 

and filtering resulted in a total of 2,882,741 sequences retained for classification. At 80%, 90%, 

and 97% classification, a total of 316,510, 292,730, and 274,413 reads were classified to the 

species level and retained for further analyses. Out of the 105 resident fish species in my custom 

database, I detected 73, 69, and 61 at 80%, 90%, and 97%, respectively.  The number of OTUs 

detected per site varied among classification level 22- 38 (mean = 30.4), 18 - 36 (mean = 27.5), 

and 16 – 31 (mean = 24.9) at 80%, 90%, and 97% classification, respectively. Rarefaction of all 

sites at each classification level resulted in nearly 1:1 relationships between empirical and 

rarefied richness (r = 0.999) indicating maximum sampling effort was reached (Table 5.5).  The 

traditional sampling dataset included 53 sampling events (i.e., temporal replicates) among 14 

sites ranging from 1 -12 sampling events per site. The average number of detected species per 

site ranged from 17 – 57. The species richness for the aggregated dataset ranged from 21 – 100 

and the total number of species detected amongst the entire dataset totaled 131. Rarefaction of 

aggregated events of all sites also resulted in nearly 1:1 relationships between empirical and 

rarefied richness (r = ≥ 0.991) indicating maximum sampling effort was reached (Table 5.5).  

Two families of fishes comprised ≥ 47% of detected species in all three classification 

levels of the molecular dataset, Cyprinidae (≥ 29%) and Percidae (≥ 18%).  The SIMPER analysis 

demonstrated that 50% similarity between all assemblages within a classification level was 

attributed to the same nine species with a tenth species, Ictalurus punctatus, also contributing 
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to the similarity between assemblages at the 80% classification level. Seven of the nine species 

were detected in 100% of the samples for all three classification levels including, Ictiobus 

bubalus, Campostoma anomalum, Lepomis macrochirus, Moxostoma anisurum, Moxostoma 

carinatum, Moxostoma erythrurum, and Moxostoma macrolepidotum. Assemblage partitioning 

between classification levels was weak (Stress-value = 0.19; Figure 5.2A), but a one-way ANOSIM 

indicated there was a significant difference between classification levels in the molecular 

dataset for the different fish assemblages (R = 0.127, p < 0.005). Pairwise test indicated that the 

fish assemblages classified at 80% and 97% differed significantly in species composition (R = 

0.255, p < 0.05).  There were 19 species detected in only one sample (< 10%), and 11 of the 19 

were detected in all three classification levels. The absence of four species from the fish 

assemblages classified at 97%, Ictalurus punctatus, Percina caprodes, Luxilus chrysocephalus, 

and Minytrema melanops were the top contributors to the differences in community 

composition between 80% and 97% classification.  

Cyprinidae (28%) and Percidae (23%) were the dominate families in the traditional 

dataset accounting for 51% of the total detected species. The SIMPER analysis determined that 

22 species accounted for 50% of the similarity between all assemblages in the traditional 

dataset. Four of the 22 species were detected in all assemblages for the traditional dataset 

including Campostoma anomalum, Lepomis macrochirus, Lepomis megalotis, and Luxilus 

chrysocephalus. There was moderate partitioning between assemblages in the molecular 

dataset and traditional dataset (stress-value = 0.13; Figure 5.3A), and a one-way ANOSIM 

confirmed there were significant differences in the species composition between molecular and 

traditional fish assemblages (R = 0.338, p < 0.005). The pairwise test indicated that the fish 

assemblages in the traditional dataset significantly differed in composition from those in all
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three classification levels in the molecular dataset (R = 0.548, P < 0.005; R = 0.598, P < 0.005; R = 

0.656, P < 0.005) for 80%, 90%, and 97%, respectively. There were 20 species detected at only 

one site (<10%) in the traditional dataset.  

 Biometrics. Fish assemblages had moderate partitioning between classification levels in 

the molecular dataset for the biometric composition compared to the species richness 

composition (stress-value = 0.1; Figure 5.2B). A one-way ANOSIM confirmed sites did not 

significantly differ in biometric composition as a response to classification level (R = 0.008, P > 

0.05); however, marginal significance was detected between 80% and 97% classification with a 

pairwise test (R = 0.081, P = 0.043). The SIMPER analysis indicated that all three classification 

levels shared six metrics that contributed to 50% of the similarity between assemblages with a 

each classification level including, SR, NR, BENTHIC_R, INVT_R, SL_R, AND NSL_R with a seventh 

metric shared between 90% and 97% classification (CATOST_R) and OMN_R unique to 80% 

classification. 

Seven biometrics accounted for 50% of the similarity seen amongst assemblages in the 

traditional dataset, including, SR, NR, BENTHIC_R, INVT_R, SL_R, NSL_R, and CYPRIN_R. 

CYPRIN_R was unique to the similarity of traditional dataset compared to the molecular dataset. 

I also saw distinct partitioning between assemblage in the molecular and traditional datasets 

(stress-value = 0.07; Figure 5.3B) and a one-way ANOSIM confirmed there was a significant 

difference between molecular and traditional biometric composition (R = 0.338, p < 0.001). 

Pairwise test indicated that traditional biometric composition significantly differed from the 

biometric composition in all three classification levels of the molecular dataset (R = 0.548, p < 

0.005; R = 0.598, p < 0.005; R = 0.656, p < 0.005) for 80%, 90%, and 97%, respectively. 

Dissimilarity between traditional and molecular biometric composition was attributed to nine 

metrics that accounted for 50% of the dissimilarity between assemblages with respect to 
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technique and classification. Four of the nine metrics, COTDAR_R, CYPRIN_R, INVT_R, and NL_R, 

consistently contributed to the dissimilarity between molecular and traditional assemblages. 

 

Clinch River 

 

 Species richness composition. The paired-end sequencing of 23 libraries in the Clinch 

River, yielded a total of 3,164,378 sequences. Of the total libraries sequenced, 10 were used in 

the final analysis. The remaining libraries represented a mix of field negative controls, extraction 

negative controls, and PCR negative controls. After de-multiplexing and subsequent processing 

of raw sequence data, at 80%, 90%, and 97% classification, a total of 1,561,471, 1,477,066, and 

1,326,752 reads were classified to the species level and retained for further analyses, 

representing a total of 51, 46, and 43 OTUs, respectively. Number of OTUs detected per site 

varied from 19 – 34 (mean = 27.3), 18 – 31 (mean = 24.7), and 17 – 29 (mean = 22.9) at 80%, 

90%, and 97% classification, respectively. Rarefaction of all sites at each classification level 

resulted in nearly 1:1 relationships between empirical and rarefied richness (r = 0.999) indicating 

maximum sampling effort was reached (Table 5.5).   

Cyprinidae and Percidae represented the most-specious families that were detected, 

representing ≥ 55% of the detected OTUs at each of the three classification levels.  Five species 

were detected in 100% of the samples including, Ambloplites rupestris, Etheostoma camurum, 

Moxostoma carinatum, Moxostoma duquesnei, and Moxostoma erythrurum. Partitioning 

between assemblages was very weak (stress-value = 0.21; Figure 5.4A), but a one-way ANOSIM 

detected a significant difference in the community composition among classification levels in 

the molecular dataset (R = 0.12, P < 0.05). Pairwise test confirmed that the fish assemblages 

differed significantly in species composition between 80% and 90% classification (R = 0.151, p < 



 
 

60 
 

0.05). The SIMPER analysis found that 16 species accounted for 50% of the dissimilarity between 

assemblages at each classification level and 10 of the 16 were detected among all classification 

levels, including Etheostoma simoterum, Etheostoma vulneratum, Hybopsis amblops, Lepomis 

macrochirus, Nocomis micropogon, Noturus eleutherus, Noturus flavipinnis, Phenacobius 

uranops, Pimephales notatus, and Rhinichthys atratulus. Three species were detected in only 

one sample for all classification levels, including Catostomus commersoni, Etheostoma 

denoncourti, and Ichthyomyzon bdellium.  

 Biometrics. Biometric assemblages showed moderate partitioning among classification 

levels for the molecular dataset (stress-value = 0.1; Figure 5.4B), and a one-way ANOSIM 

confirmed there was no significant difference between the biometric assemblages of the three 

classification levels (R = 0.009, p > 0.05). Six biometrics accounted for 50% of the similarity 

between the assemblages within a classification level for all three classification levels, including, 

SR, NR, BENTHIC_R, INVT_R, SL_R, and NSL_R. Seven biometrics accounted for 50% of the 

dissimilarity between assemblages for all three classification levels, which included the same six 

biometrics mentioned above. BENTHIC_R accounted for the remaining dissimilarity seen 

between 80% and 90% and 80% and 97%, while CARN_R accounted for the remaining 

dissimilarity seen between 90% and 97%. 

 

Land Cover Correlations 

 

 Land cover variables were not statistically correlated to the species composition (R = -

0.043, P > 0.05) or biometric composition (R = -0.034, P > 0.05) of assemblages among the three 

classification levels in the molecular dataset for the Duck or Clinch rivers (Table 5.6). Land cover 



 
 

61 
 

variables were also not statistically correlated to the species composition or biometric 

composition of assemblages in the traditional dataset for the Duck River (Table 5.6). 

 

Discussion 

 

Biological assessments are important for discerning patterns in aquatic communities 

and developing pertinent conservation strategies. Environmental DNA surveillance is both a fast 

and efficient tool for community-level biomonitoring. To my knowledge, this is the first study to 

use mothur for HTS analyses of fish communities and second study to use mothur on macro-

eukaryotic organisms. Additionally, this is also the first study to address ecosystem 

bioassessment by applying eDNA-metabarcoding surveillance to freshwater fish communities in 

biologically diverse rivers.  

My eDNA-metabarcoding approach shows great promise as a tool for detecting and 

characterizing the Clinch and Duck river fish communities. Similar detection rates were observed 

with eDNA-metabarcoding between the two rivers. In the Clinch River, I detected 66% of all 

species in the database while in the Duck River I detected 70% of the total reference database 

species. A variety of European fish assemblages in various systems (e.g., ditches, ponds, lakes, 

streams, and rivers) surveyed with eDNA-metabarcoding detected between 32 – 90% (mean = 

70-80%) of species in a custom reference database (Civade et al. 2016, Hänfling et al. 2016, 

Valentini et al. 2016). My results are quite successful compared to these studies, especially since 

all of the fish communities in the previously mentioned studies are depauperate (average 25 

species) compared to those in the Duck and Clinch rivers. The assemblages with the Duck River 

are greater than the total species richness for some of these European fish communities. The 

number of species detected with eDNA-metabarcoding is limited by the species presently in the 
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reference database, thus increasing the number of species in the database will allow eDNA-

metabarcoding surveillance efforts to perform at traditional surveillance levels.  

The limitation of the reference database is that it inherently relies on strong taxonomic 

expertise because reference sequences are generated from tissue sample from organisms that 

are physically identified in the field. There are instances where morphologically similar species 

are mis-identified resulting in duplicate sequences in the database (Vilgalys 2003). Parsing of 

lineages into new species (e.g., Macrhybopsis aestivalis complex) will add further challenges to 

taxonomic identification, especially when the distribution of a new species is undefined (e.g., 

Campostoma anomalum and Campostoma oligolepis). Identification of multiple specimens from 

the same species by several experts may reduce identification error and allow more robust 

references to be used in the database.  

Detection of multiple species is reliant on the molecular marker that is selected for 

surveillance. Molecular marker selection has been a highly discussed and emphasized topic for 

eDNA-metabarcoding studies (Coissac et al. 2012, Deagle et al. 2014, Miya et al. 2015, Valentini 

et al. 2016, Shaw et al. 2016). Ultimately, marker choice is dependent on the specific taxonomic 

community being examined and requires extensive validation before robust metabarcoding 

analyses can be performed (Deagle et al. 2014, Miya et al. 2015; Evans et al. 2016). The Mi-Fish-

U assay provides species-level assignment to the Duck and Clinch river fish communities 

sequences, although there are still species in particular families with limited genetic separation 

in this region of the 12S rRNA gene such that species-level detection is problematic, e.g., 

Cyprinidae and Percidae (Miya et al. 2015). Conspecifics may only differ by a single base pair, 

and accurate identification will require a 100% match to the reference sequence. Implementing 

multi-marker eDNA surveillance can increase detection probability for all species especially for 

conspecifics (Shaw et al. 2016). Species composition differences were observed in my study 
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depending on the classification level. The most plausible reason is because shorter fragments do 

not contain enough information to reliable classify sequences to a species-level at 97% 

probability compared to 80% probability. While 80% probability is still a robust cut-off for 

sequence identification, employing multiple markers with robust bioinformatic analyses would 

allow better detection of all species, and potentially yield more similar species richness for all 

classification levels.  

High genetic similarity between closely related taxa will limit species-level identification 

and can lead to misinterpretation of biological results, especially when inaccurate taxonomic 

assignment tools are used (Miya et al. 2015, Valentini et al. 2016; Shaw et al. 2016).  All fish 

metabarcoding studies use taxonomic identification tools like BLAST, where unknown sequences 

are compared to a reference database and taxonomically classified based on similarity. Tools 

like BLAST have been demonstrated to be a less accurate method of sequence classification 

compared to Bayesian classification methods (Wang et al. 2007). For example, eDNA-

metabarcoding surveillance of fish communities in the Murray-Darling River in Australia, 

detected Gambusia affinis, which does not occur in Australia. Instead, the likely species was 

Gambusia holbrooki (Shaw et al. 2016). In this instance, G. affinis and G. holbrooki were 

genetically similar in the molecular marker region, such that PCR and sequencing error can lead 

to a few base pair changes that lead to mis-classification. Additionally, BLAST can mis-classify 

sequences when there is no reference sequence for the targeted species, but a reference 

sequence exist for a closely related taxa. Bayesian approaches used in mothur provide a more 

accurate classification tool using a priori probability generated from bootstrap confidence 

values. In this regard, even closely-related syntopic taxa can be detected and taxonomically 

classified at the species level. Hypophthalmichthys nobilis and Hypophthalmichthys molitrix 

exhibit high genetic similarity and have been troublesome for eDNA-metabarcoding detection, 
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even for the Mi-Fish-U assay (Miya et al. 2015, Haefling et al. 2016). I was able to robustly detect 

both species in several assemblages in the Duck River using the Mi-Fish-U assay coupled with 

mothur. My results demonstrate that challenges associated with molecular marker taxonomic 

resolution can be addressed with a heuristic bioinformatic tool and allow for more accurate 

conclusions to be reached for eDNA-metabarcoding surveillance of fish communities. 

In both freshwater and marine ecosystems, eDNA surveillance studies have 

demonstrated equal or greater success in species detection compared to traditional methods 

(Thomsen et al. 2012, Shaw et al. 2016, Valentini et al. 2016). I was able to survey and monitor 

multiple assemblages in the Duck River at the same scale as traditional surveillance at a reduce 

time and effort for collecting fish assemblage data (unpublished data from IBI records). The key 

difference between other studies and my own is that traditional sampling is typically coupled 

with eDNA surveillance. The seasonal differences between eDNA surveillance (winter) and the 

traditional surveillance (summer) may influence community characterization due to differences 

in detection probabilities of certain species. For example, migratory species may be more readily 

detected with traditional or molecular methods depending on season (Homel and Budy 2008; 

Yamanaka and Minamoto 2016). Within river migrations may also affect detection among local 

species as fish movements may drastically alter based on environment disturbances or 

availability of preferred resources (Thorstad et al. 2008; Wells et al. 2017). This does not allow 

for an accurate or direct comparison between molecular and traditional surveillance techniques 

in my study, but the traditional surveillance dataset does represent a benchmark that molecular 

surveillance must meet for to be incorporated into actual management strategies and decisions. 

The assemblages characterized in the molecular dataset were statistically different from 

those characterized in the traditional dataset where the total species richness was much greater 

in the traditional dataset (n = 131) than any of the assemblages in all three classification levels 
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of the molecular dataset (n = 73, 69, and 61) in the Duck River. One reason is the lack of 

reference sequences in my reference database. Several of the species detected in the traditional 

dataset are not in my reference database. Removing these species from the analyses did not 

drastically alter the total species richness for the traditional (n = 115) dataset. The second 

reason that may explain the large species richness gap between the molecular and traditional 

datasets is effort. The molecular dataset represents a single sampling event at each site, while 

the traditional dataset represent multiple events at each site. Randomly selecting one sampling 

event for each site in the traditional dataset yielded a comparable species richness between the 

traditional (n = 105) and molecular dataset.  

While species richness and composition were different between molecular and 

traditional techniques, broad taxonomic and biometric patterns appeared to be more similar 

between the two datasets. Taxonomically, Cyprindiae and Percidae were the most specious 

families detected in both molecular and traditional datasets. These two families exhibit different 

biological functionality related to their position in the water column. Generally, percids are 

benthic species that are relegated to the bottom of rivers due to a number of physiological 

traits, while cyprinids are most often found in the water column. Miya et al. (2015) also reported 

that detected species greatly varied in their ecology, spanning benthic and pelagic habitats. 

Biometrics accounting for similarity and dissimilarity between assemblages for each dataset, 

respectively, were also the same. Specifically, species richness metrics were more important for 

explaining similarity between assemblages in both datasets than proportion metrics. Hitt & 

Angermeier (2008) found greater significance among biometric variables than species richness 

variables, which contrast with my results that found greater dissimilarity among assemblages as 

a response to species richness metrics. Multiple temporal sampling events in the traditional 

dataset effectively allowed for the accumulation of species and therefore directly influenced 
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biometric values that are directly calculated from species richness estimates (Duggan et al. 

2010). Although aggregation of temporal events can eliminate variation in detection and effort, 

the combined temporal and spatial sampling may override this benefit when compared to the 

single sampling event for the molecular dataset (McKenzie et al. 2005). Biometric patterns were 

more consistent among molecular classification levels than those in the species presence-

absence data indicating that eDNA-metabarcoding may have merit as a bioassessment tool for 

fish communities. My results indicate that the Mi-Fish-U assay coupled with mothur performs on 

par with traditional sampling when broader ecological patterns are considered, but a larger 

grain and extent may be necessary to elucidate environmental patterns that influence 

community composition (Weins 1987).  

Environmental variables will influence the detection of some species depending on 

various life-history characteristics or tolerances. I detected different patterns in assembles using 

bioassessment metrics in the Duck River with traditional and molecular surveillance techniques 

(Figure 5.2). For example, COTDAR_R was a leading metric that contributed to the differences 

amongst assemblages between the molecular and traditional sampling. COTDAR_R species, i.e., 

Cottus spp., Etheostoma spp., and Percina spp. are benthic species that typically lack a swim 

bladder, and thus have reduced capture efficiency with electrofishing and kick seining as a result 

of falling into interstitial spaces in the substrate (Polačik et al. 2008). SIMPER analyses indicated 

that the COTDAR_R metric was higher amongst molecular samples indicating a higher detection 

efficiency with eDNA surveillance than with traditional sampling. This pattern has been observed 

in other studies where benthic fish can be more easily detected with eDNA than traditional 

techniques (Hinlo et al. 2017; Nevers et al. 2018).  

Environmental gradients are reported to influence the distribution and occurrence of 

various species along the riverine landscape (Vannote et al. 1980; Hitt & Angermeier 2006, 
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2008). I found no significant correlations between species richness composition or biometric 

composition and land cover variables for the molecular or traditional dataset (Table 5.6). Hitt 

and Angermeier (2008) found a host of significant relationships between land cover variables 

and fish biometrics that included both species richness and proportion metrics. Biological data 

structured by dissimilarity matrices can have weak correlation to environmental gradients 

because all species are equally weighted and functionally-different species will be considered as 

different as functionally-similar species (Hitt & Angermeier 2008). The major difference between 

my study and other fish metric bioassessment studies is the grain at which I compare fish 

community patterns to land cover. My study calculated land cover at a local scale, 1 km and 750 

m radius, around sampling sites, for the Duck and Clinch Rivers, respectively.  Others (Hitt and 

Angermeier 2006, 2008; Miranda et al. 2018) considered environmental parameters at 

catchment or watershed scales. It has been demonstrated that physiological and biological 

interactions in the environment vary at local and broad scales (Weins 1989). Increasing my land 

cover measures to encompass these larger scales may yield correlation between land cover 

patterns biological patterns. I was unable to collect instream environmental variables, such as 

discharge, available substrate, algal biomass, which have also been shown to correlate to 

biological patterns in fish assemblages (Hitt and Angermeier 2006, 2008; Miranda et al. 2018).  

My study was the first to demonstrate the application of eDNA-metabarcoding for the 

detection and characterization of a fish communities in large, species-rich river systems. 

Environmental DNA-metabarcoding also was able to discern biological patterns using 

bioassessment metrics. Increased temporal and spatial sampling is needed to further examine 

the use of eDNA-metabarcoding as a robust bioassessment tool for freshwater fishes. In-stream 

variables may also provide better explanatory power for community composition. My results 

showed that both molecular and traditional techniques can preferentially detect specific 
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species. In this case, it may be optimal to use both techniques in order to obtain robust and 

accurate community composition data for ecosystem health assessments. The addition of new 

species to the reference database will enhance molecular detection probability compared to 

traditional techniques.  While eDNA-metabarcoding bioassessment of fish communities still 

requires further research, my study provides a benchmark for more comparative research. The 

synthesis of my reference database will help facilitate further research on this topic, especially 

in other taxonomically diverse rivers in the United States that contain similar fish communities. 

Molecular bioassessment of other biologically diverse rivers all in the southeastern United 

States and the rest of the world will greatly benefit from the conservation implications 

presented within this study. Future research addressing species abundance or biomass 

estimates, increasing the temporal resolution of eDNA signals, and population genetics, will help 

solidify eDNA surveillance as valuable contemporary tool for fish ecology and conservation 

management. 
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Table 2.1. Summary of known occurrences of the Pygmy Madtom, Noturus stanauli, in the 

Duck and Clinch rivers prior to 2017 before eDNA surveillance. Asterisk denotes holotype 

locality and diamond denotes original paratype locality. 

River 

Locality Observation Year 

Source County River Mile First Most recent 

Clinch (1) Hancock 180.8 1974* 2016 Conservation Fisheries, Inc.; 
Etnier and Jenkins (1980); 
Wells (2019) 

 (2) Hancock 181.1 1971 2000 Conservation Fisheries, Inc.; 
University of Alabama 

 (3) Hancock 181.3 1974 2008 University of Tennessee; 
Conservation Fisheries, Inc. 

 (4) Hancock 183.7 1979 2007 Tennessee Valley Authority 
Duck (5) Humphreys 17.5 1978 1978 University of Tennessee 

 (6) Humphreys 18.2 1972◊ 1974 Tennessee Valley Authority 
 (7) Humphreys 22.1 2008 2008 Tennessee Valley Authority 
 (8) Humphreys 22.5 2008 2016 TVA; Personal Observation 
 (9) Hickman 31.2 1993 1993 Charlie Saylor; Tennessee 

Wildlife Resources Agency 
 (10) Hickman 32.1 1993 1993 Tennessee Valley Authority 
 (11) Hickman 71 2008 2016 St. Louis University; 

University of Alabama; 
Wells (2019) 

 (12) Hickman 89 2002 2002 Tennessee Valley Authority 
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Table 3.1. List of sympatric ictalurid species with known occupancy in the Clinch 

and Duck Rivers that were used for assay specificity optimization. Diamonds 

indicate species does not have overlapping distribution with Nouturus stanauli. 

Asterisks indicate that species has not been tested for specificity using the NS-193 

assay. 

Genera and Species Common Name 

Location 

Clinch Duck 

Noturus  

N. baileyi◊ Smoky Madtom   

N. eleutherus Mountain Madtom ● ● 

N. exilis Slender Madtom  ● 

N. fasciatus Saddled Madtom  ● 

N. flavipinnis Yellowfin Madtom ●  

N. flavus Stonecat  ● 

N. gyrinus Tadpole Madtom  ● 

N. hildebrandi◊* Least Madtom   

N. miurus Brindled Madtom  ● 

N. nocturnus Freckled Madtom  ● 

Ictalurus  

I. furcatus Blue Catfish ● ● 

I. punctatus Channel Catfish ● ● 

Ameiurus  

A. melas Black Bullhead ● ● 

A. natalis Yellow Bullhead ● ● 

A. nebulosus Brown Bullhead  ● 

Pylodictis  

P. olivaris Flathead Catfish ● ● 
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Table 3.2. PCR and Taqman qPCR primers/probe used to amplify the mtDNA cyt b gene for 

Noturus stanauli. 

Oligo Sequence (5’-3’) 

NS-193-F (forward) TTACTATGTCTTATTACACAAGTCCTAACA 

NS-193-R (reverse) GTACCCGTAGAATTACTCCGATG 

NS-193-P (probe) 56FAM-TTGCATCTA/ZEN/CCTACATATTGGACGAGGCC-
3IABkFQ 

NS-620-R (reverse sequencing) GGGTTATTGGAGCCTGTCTCA 
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Table 3.3. Estimated discharge at all sampled sites for summer 2017, winter 2017-2018, and summer 

2018 sampling events in both the Clinch and Duck rivers. Sites are listed in chronological order of 

sampling for each river. Discharge estimates recorded from the closest upstream gauge station. 

Asterisks denote sites used for detection optimization. 

 
River and 

Site 

Sample Date 

(YYYY/MM/DD) 

Station Used (USGS 

Number and City) 

Station Coordinate 

(decimal degrees) 

Discharge 

(m3/s) 

Duck River 

 

    

RML 2017-07-26* 03603000 Hurricane Mills 35.93000°N, -87.74306°W 28.6 

CLMB 2018-11-21 03599500 Columbia 35.61798°N, -87.03234°W 33.3 

FWRD 2018-11-21 03599240 Milltown 35.57629°N, -86.77859°W 26.5 

HHSP 2018-11-21 03597860 Shelbyville 35.48028°N, -86.49917°W 17.3 

HMRD 2018-11-21 03597860 Shelbyville 35.48028°N, -86.49917°W 17.3 

CTRV 2018-11-24 03601990 Centerville 35.68417°N, -87.41000°W 42.7 

TBRD 2018-11-24 03601990 Centerville 35.68417°N, -87.41000°W 42.7 

NTPW 2018-11-24 03600358 Williamsport 35.68704°N, -87.17888°W 29.8 

CSTP 2018-11-24 03599500 Columbia 35.61798°N, -87.03234°W 23.4 

MTWN 2018-11-24 03599240 Milltown 35.57629°N, -86.77859°W 21.1 

BCRD 2018-11-28 03603000 Hurricane Mills 35.93000°N, -87.74306°W 47.8 

RML 2018-11-28 03603000 Hurricane Mills 35.93000°N, -87.74306°W 47.8 

HTFD 2018-11-28 03603000 Hurricane Mills 35.93000°N, -87.74306°W 47.8 

OKCG 2018-11-28 03601990 Centerville 35.68417°N, -87.41000°W 34.6 

BRCV 2018-11-28 03601990 Centerville 35.68417°N, -87.41000°W 34.6 

Clinch River     

FRFD 2017-08-03* 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 11.4 

DVBS 2018-01-26 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 15.9 

HISL 2018-01-26 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 15.9 

RSHF 2018-01-26 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 15.9 

VTSL 2018-01-26 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 15.9 

VRGA 2018-01-26 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 15.9 

FRFD 2018-01-31 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 29.8 

FVRD 2018-01-31 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 29.8 

WISL 2018-01-31 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 29.8 

KYFD 2018-01-31 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 29.8 

TRND 2018-01-31 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 29.8 

DVBS 2018-07-14 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 11.0 

HISL 2018-07-14 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 11.0 

RSHF 2018-07-14 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 11.0 

VTSL 2018-07-14 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 11.0 

VRGA 2018-07-14 03527220 Looney’s Gap 36.58271°N, -82. 93998°W 11.0 
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Table 3.4. Detection optimization results used to determine presence or absence in surface 

(SURF), middle (MID), epibenthic (EPIB), and sediment core (CORE) stratum in the Clinch and 

Duck Rivers. R1,R2, and R3 denotes amplification round. 

 Clinch River Duck River 

 epPCR qPCR epPCR qPCR 

Stratum R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 

Flowing water             

Point 1             

SURF 4 4 - 3 7 - 1 3 1 0 0 - 

MID 5 5 - 6 7 - 1 2 1 0 0 - 

EPIB 2 3 - 3 4 - 0 0 - 0 0 - 

CORE 4 4 - 3 5 - 0 0 - 0 0 - 

Point 2             

SURF 6 7 - 8 7 - 0 1 0 0 0 - 

MID 4 3 - 3 5 - 1 1 1 0 0 - 

EPIB 4 4 - 5 5 - 0 1 0 0 0 - 

CORE 8 8 - 7 7 - 0 0 - 0 0 - 

Slack water             

Point 1             

SURF 5 4 - 2 3 - 0 2 1 0 0 - 

MID 8 6 - 6 6 - 0 3 0 0 0 - 

EPIB 1 3 - 2 3 - 0 3 0 0 0 - 

CORE 2 3 - 0 4 1 2 2 - 0 0 - 

Point 2             

SURF 5 4 - 3 5 - 1 0 0 0 0 - 

MID 2 4 - 1 3 - 1 0 0 0 0 - 

EPIB 3 3 - 4 2 - 0 1 0 0 0 - 

CORE 1 3 - 2 2 - 1 0 0 0 0 - 

Table Note: Numbers indicate the number of technical replicates with positive hits determine 

by the presence of a correct size band in agarose (epPCR) or amplification curve (qPCR). 

Hyphens denote samples that did not need a third round of amplification. 
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Table 3.5. Detection optimization results for end-point 

PCR (epPCR) and quantitative (qPCR) analysis in Clinch 

and Duck Rivers. Pluses denote positive amplification in 

two or more technical replicates for both rounds of PCR. 

Minuses denote that < 2 technical replicates in one or 

both round of PCR yielded amplification. 

 Clinch River Duck River 

Stratum epPCR qPCR epPCR qPCR 

Flowing water     

Point 1     

SURF + + - - 

MID + + - - 

EPIB + + - - 

CORE + + - - 

Point 2     

SURF + + - - 

MID + + - - 

EPIB + + - - 

CORE + + - - 

Slack water     

Point 1 + + - - 

SURF + + - - 

MID - + - - 

EPIB + - + - 

CORE     

Point 2     

SURF + + - - 

MID + - - - 

EPIB + + - - 

CORE - + - - 
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Table 3.6. Summary of positive and negative detection at all sampled sites among all sampling events 

in the Clinch and Duck rivers. Pluses denote positive detection (i.e., presence at a site), and minuses 

denote negative detection (i.e., absence at a site). Absence of a plus or minus indicates that the site 

was not sampled during the respective season. 

 Summer 2017 Winter 2017-2018 Summer 2018 
SAMPLED SITES epPCR qPCR epPCR qPCR epPCR qPCR 

CLINCH RIVER       

VRGA   - - - - 

TVSL   - - - - 

RSHF   - - + + 

HISL   - - - - 

DVBS   - - - - 

TRND   - -   

FVRD   - -   

KYFD   - -   

WISL   - -   

FRFD + + - -   

DUCK RIVER       

BCRD       

RML + - - -   

HTFD   - -   

OKCG   - -   

BRCV   - -   

CTRV   - -   

TBRD   - -   

NTPW   - -   

CSTP   - -   

CLMB   - -   

FWRD   - -   

MTWN   - -   

HHSP   - -   

HMRD   - -   
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Table 4.1. PCR and Taqman qPCR primers and probe used to amplify the mtDNA COI gene for 

Hypophthalmichthys molitrix 

Oligo Target Species Sequence (5’-3’) 

Hsp-COI_F1 (forward) Hypophthalmichthys sp. CGCAGGAGCATCCGTAGAC 

Hsp-COI_R1 (reverse) Hypophthalmichthys sp. TTAATAGTTGTGGTGATGAAGTTAATTGC 

Hmo_probe (probe) Silver carp (H. molitrix) 6FAM-TTCTCTCTTCACCTAGCAG-MGBNFQ 
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Table 5.1. Inclusive list of all fish species that occur in the Duck and Clinch rivers generated 

from historic and contemporary accounts. Species without occurrence indication do not occur 

or cannot be confirmed in either river. Bolded species have sequences in the reference 

database. 

    Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

Acipenseriformes Acipenseridae Acipenser fulvescens lake sturgeon   

  Scaphirhynchus albus 

pallid 

sturgeon   

  

Scaphirhynchus 

platorynchus 

shovelnose 

sturgeon   

 Polyodontidae Polyodon spathula paddlefish ● ● 

Amiiformes Amiidae Amia calva bowfin ●  

Anguilliformes Anguillidae Anguilla rostrata American eel ● ● 

Atheriniformes Atherinopsidae Labidesthes sicculus 

brook 

silverside ● ● 

  Menidia audens 

Mississippi 

silverside ●  

  Menidia beryllina 

inland 

silverside ●  

Clupeiformes Clupeidae Alosa chrysochloris 

skipjack 

herring ●  

  Alosa pseudoharengus alewife   

  

Dorosoma 

cepedianum gizzard shad ● ● 

  Dorosoma petenense 

threadfin 

shad ● ● 

Cypriniformes Catostomidae Carpiodes carpio 

river 

carpsucker ●  

  Carpiodes cyprinus quillback ● ● 

  Carpiodes velifer 

highfin 

carpsucker ●  

  Cycleptus elongatus blue sucker ●  

  Erimyzon oblongus 

creek 

chubsucker ●  
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    Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

  Cycleptus elongatus blue sucker ●  

  Hypentelium nigricans 

northern hog 

sucker ● ● 

  Ictiobus bubalus 

smallmouth 

buffalo ●  

  Ictiobus cyprinellus 

bigmouth 

buffalo ●  

  Ictiobus niger black buffalo ● ● 

  Minytrema melanops 

spotted 

sucker ●  

  Moxostoma anisurum 

silver 

redhorse ● ● 

  Moxostoma breviceps 

smallmouth 

redhorse ● ● 

  Moxostoma carinatum 

river 

redhorse ● ● 

  Moxostoma duquesnei 

black 

redhorse ● ● 

  

Moxostoma 

erythrurum 

golden 

redhorse ● ● 

  

Moxostoma 

macrolepidotum 

shorthead 

redhorse ● ● 

 Cyprinidae 

Campstoma 

anomalum 

central 

stoneroller ● ● 

  Carassius auratus goldfish ●  

  

Chrosomus 

erythrogaster 

southern 

redbelly dace ●  

  

Chrosomus 

tennesseensis 

Tennessee 

dace  ● 

  

Clinostomus 

funduloides rosyside dace ● ● 

  

Ctenopharyngodon 

idella grass carp ●  

    
 



 
 

95 
 

 

Occurrence 

Order Family Species 

Common 

Name 
Duck Clinch 

  Cyprinella galactura 

whitetail 

shiner ● ● 

  Cyprinella spiloptera 

spotfin 

shiner ● ● 

  Cyprinella venusta 

blacktail 

shiner ●  

  Cyprinella whipplei 

steelcolor 

shiner ● ● 

  Cyprinus carpio 

common 

carp ● ● 

  Erimonax monacha spotfin chub   

  Erimystax cahni slender chub  ● 

  Erimystax dissimilis 

streamline 

chub ● ● 

  Erimystax insignis 

blotched 

chub ● ● 

  Hemitremia flammea flame chub ●  

  Hybognathus hayi 

cypress 

minnow ●  

  Hybopsis amblops bigeye chub ● ● 

  

Hypophthalmichthys 

nobilis bighead carp ●  

  

Hypophthalmichthys 

molitrix silver carp ●  

  Luxilus chrysocephalus 

striped 

shiner ● ● 

  Luxilus coccogenis 

warpaint 

shiner  ● 

  Lythrurus fasciolaris 

scarlett 

shiner ● ● 

  Lythrurus fumeus ribbon shiner ●  
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Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

  Lythrurus umbratilis redfin shiner ●  

  

Macrhybopsis 

aestivalis 

speckled 

chub   

  

Macrhybopsis 

hyostoma shoal chub ●  

  

Macrhybopsis 

storeriana silver chub ●  

  

Mylopharyngodon 

piceus black carp   

  Nocomis effusus redtail chub ●  

  Nocomis leptocephalus 

bluehead 

chub ●  

  Nocomis micropogon river chub  ● 

  

Notemigonus 

crysoleucas golden shiner ●  

  

Notropis cf. sp. 

spectrunculus sawfin shiner ● ● 

  Notropis ariommus 

popeye 

shiner ● ● 

  Notropis atherinoides 

emerald 

shiner ● ● 

  Notropis blennius river shiner ●  

  Notropis boops bigeye shiner ●  

  Notropis buchanani ghost shiner ●  

  Notropis leuciodus 

Tennessee 

shiner ● ● 

  Notropis micropteryx 

highland 

shiner ● ● 

  Notropis photogenis silver shiner ● ● 

  Notropis rubellus 

rosyface 

shiner  ● 

  Notropis spectrunculus mirror shiner  ● 
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Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

  Notropis volucellus mimic shiner ● ● 

  Notropis wickliffi 

channel 

shiner ●  

  Opsopoeodus emiliae 

pugnose 

minnow ●  

  Phenacobius mirabilis 

suckmouth 

minnow ●  

  Phenacobius uranops 

stargazing 

minnow ● ● 

  Pimephales notatus 

bluntnose 

minnow ● ● 

  Pimephales promelas 

fathead 

minnow   

  Pimephales vigilax 

bullhead 

minnow ●  

  Rhinichthys atratulus 

blacknose 

dace ● ● 

  Rhinichthys cataractae 

longnose 

dace  ● 

  

Semotilus 

atromaculatus creek chub ● ● 

 Moronidae Morone chrysops white bass ● ● 

  

Morone 

mississippiensis yellow bass ●  

  Morone saxatilis striped bass ●  

Cyprinodontiformes Fundulidae Fundulus catenatus 

northern 

studfish ● ● 

  Fudulus julisia 

Barren's top-

minnow ●  

  Fundulus notatus 

blackstripe 

top-minnow ●  
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Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

Esociformes Esocidae Esox americanus grass pickerel ●  

  Esox niger 

chain 

pickerel ●  

Hiodontiformes Hiodontidae Hiodon alosoides goldeye ●  

  Hiodon tergisus mooneye ● ● 

Lepisosteiformes Lepisosteidae Atractosteus spatula alligator gar   

  Lepisosteus oculatus spotted gar ●  

  Lepisosteus osseus longnose gar ● ● 

  

Lepisosteus 

platostomus 

shortnose 

gar ●  

Perciformes Centrarchidae Ambloplites rupestris rock bass ● ● 

  Lepomis auritus 

redbreast 

sunfish ● ● 

  Lepomis cyanellus green sunfish ● ● 

  Lepomis gibbosus pumpkinseed ● ● 

  Lepomis gulosus warmouth ● ● 

  Lepomis humilis 

orangespotte

d sunfish ●  

  Lepomis macrochirus bluegill ● ● 

  Lepomis marginatus dollar sunfish ●  

  Lepomis megalottis 

longear 

sunfish ● ● 

  Lepomis microlophus 

redear 

sunfish ● ● 

  Micropterus dolomieu 

smallmouth 

bass ● ● 

  

Micropterus 

punctulatus spotted bass ● ● 
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Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

  Pomoxis annularis 

white 

crappie ● ● 

  

Pomoxis 

nigromaculatus black crappie ● ● 

 Percidae Ammocrypta clara 

Istern sand 

darter   

  Crystallaria asprella crystal darter   

  Etheostoma aquali 

coppercheek 

darter ●  

  Etheostoma asprigene mud darter ●  

  Etheostoma bison 

buffalo 

darter ●  

  

Etheostoma 

blennioides 

greenside 

darter ● ● 

  Etheostoma blennius blenny darter ●  

  

Etheostoma 

caeruleum 

rainbow 

darter ● ● 

  Etheostoma camurum 

bluebreast 

darter ● ● 

  

Etheostoma 

chlorosoma 

bluntnose 

darter ●  

  Etheostoma cinereum ashy darter ● ● 

  

Etheostoma 

crossopterum 

fringed 

darter ●  

  

Etheostoma 

denoncourti golden darter ● ● 

  Etheostoma duryi black darter ●  

  Etheostoma flabellare fantail darter ● ● 

  Etheostoma flavum 

saffron 

darter ●  

  Etheostoma gracile slough darter ●  
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Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

  Etheostoma jessiae 

blueside 

darter  ● 

  Etheostoma kennicotti 

stripetail 

darter ● ● 

  Etheostoma lawrencei 

headwater 

darter   

  Etheostoma nigripinne 

blackfin 

darter ●  

  Etheostoma nigrum 

johnny 

darter ● ● 

  Etheostoma oophylax 

guardian 

darter ●  

  Etheostoma parvipinne 

goldstripe 

darter ●  

  

Etheostoma 

planasaxatile duck darter ●  

  

Etheostoma 

pseudovulatum 

egg-mimic 

dater ●  

  

Etheostoma 

rufilineatum 

redline 

darter ● ● 

  

Etheostoma 

simoterum 

snubnose 

darter  ● 

  Etheostoma smithi 

slabrock 

darter ●  

  

Etheostoma 

stigmaeum 

speckled 

darter ●  

  Etheostoma striatulum 

striated 

darter ●  

  

Etheostoma 

tennesseense 

Tennessee 

darter  ● 

  

Etheostoma 

vulneratum 

wounded 

darter  ● 

  Etheostoma zonale 

banded 

darter ● ● 
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Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

  Percina burtoni 

blotchside 

logperch ● ● 

  Percina caprodes 

common 

logperch ● ● 

  Percina copelandi 

channel 

darter  ● 

  Percina evides gilt darter ● ● 

  Percina macrocephala 

longhead 

darter   

  Percina maculata 

blackside 

darter   

  Percina oxyrhynchus 

sharpnose 

Darter   

  Percina phoxocephala 

slenderhead 

darter ●  

  Percina sciera dusky Darter ● ● 

  Percina shumardi River darter ●  

  Percina vigil 

saddleback 

darter ●  

  Sander canadensis sauger   

  Sander vitreus walleye  ● ● 

 Scianenidae Aplodinotus grunniens 

freshwater 

drum ● ● 

Percopsiformes Aphredoderidae Aphredoderus sayanus pirate perch ●  

Petromyzontiformes Petromyzontidae 

Ichthyomyzon 

bdellium Ohio lamprey ● ● 

  

Ichthyomyzon 

castaneus 

chestnut 

lamprey ●  

  Ichthyomyzon gagei 

southern 

brook 

lamprey ●  
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Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

  

Ichthyomyzon 

unicuspis 

silver 

lamprey ●  

  Lampetra aepyptera 

least brook 

lamprey ●  

  Lamptera appendix 

American 

brook 

lamprey ●  

Salmoniformes Salmonidae Onchorhynchus mykiss 

rainbow 

trout ● ● 

  Salmo trutta brown trout ● ● 

  Salvelinus fontinalis brook trout  ● 

Scorpaeniformes Cottidae Cottus bairdi 

mottled 

sculpin ● ● 

  Cottus carolinae 

banded 

sculpin ● ● 

Siluriformes Ictaluridae Ameiurus melas 

black 

bullhead ●  

  Ameiurus natalis 

yellow 

bullhead ● ● 

  Ameiurus nebulosus 

brown 

bullhead ●  

  Ictalurus furcatus blue catfish ● ● 

  Ictalurus punctatus 

channel 

catfish ● ● 

  Noturus baileyi 

smoky 

madtom   

  Noturus eleutherus 

mountain 

madtom ● ● 

  Noturus fasciatus 

saddled 

madtom ●  

  Noturus flavipinnis 

yellowfin 

madtom  ● 
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Occurrence 

Order Family Species 

Common 

Name Duck Clinch 

  Noturus gyrinus 

tadpole 

madtom ●  

  Noturus insignis 

margined 

madtom   

  Noturus miurus 

brindled 

madtom ●  

  Noturus nocturnus 

freckled 

madtom ●  

  Noturus stanauli 

pygmy 

madtom ● ● 

  Pylodictis olivaris 

flathead 

catfish ● ● 
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Table 5.2.  Fish biometric categories and associated metrics used to categorize each fish species in the 

Duck and Clinch rivers for biometric analyses.  The species richness and proportion of each metric is 

calculated for each assemblage in both river. Referenced from Hitt and Angermeier 2008. 

Category Metric Abbreviation 

Taxonomic Total species richness SR 

 Native species richness NR 

 Native species proportion NP 

 Nonnative species richness IR 

 Nonnative species proportion IP 

 Centrarchidae species richness CENTRAR 

 Centrarchidae species proportion CENTRAP 

 Catostomidae species richness CATOSTR 

 Catostomidae species proportion CATOSTP 

 Cyprinidae species richness CYPRINR 

 Cyprinidae species proportion CYPRINP 

 Darter and Sculpin species richness COTDARR 

 Darter and Sculpin species richness COTDARP 

Water Utilization Benthic species richness BENTHICR 

 Benthic species proportion BENTHICP 

Trophic Carnivore species richness CARNR 

 Carnivore species proportion CARNP 

 Herbivore species richness HERBR 

 Herbivore species proportion HERBP 

 Invertivore species richness INVTR 

 Invertivore species proportion INVTP 

 Omnivore species richness OMNR 

 Omnivore species proportion OMNP 

 Piscivore species richness PISCR 

 Piscivore species proportion PISCP 

Reproduction Non-lithophilic species richness NLR 

 Non-lithophilic species proportion NLP 

 Simple lithophilic species richness SLR 

 Simple lithophilic species proportion SLP 

 Non-simple lithophilic species richness NSLR 

 Non-simple lithophilic species proportion NSLP 
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Table 5.3. Fish species classification for biometric analysis using metrics described in Table 5.2. 

Species 
Water 
Utilization 

Native (N) or 
Invasive (I) 

Trophic 
Guilda 

Reproductive 
Guildb 

Alosa chrysochloris PELAGIC N CARN SL 
Ambloplites rupestris PELAGIC N CARN NSL 
Ameiurus melas BENTHIC N OMN NSL 
Ameiurus natalis BENTHIC N CARN NL 
Amia calva PELAGIC N CARN NL 
Aplodinotus grunniens PELAGIC N CARN NL 
Campostoma anomalum BENTHIC N OMN NSL 
Carassius auratus PELAGIC I OMN NL 
Carpiodes carpio BENTHIC N OMN SL 
Carpiodes cyprinus BENTHIC N OMN NL 
Carpiodes velifer BENTHIC N OMN SL 
Catostomus commersonii BENTHIC N INVT SL 
Chrosomus erythrogaster PELAGIC N OMN SL 
Clinostomus funduloides PELAGIC N INVT SL 
Cottus carolinae BENTHIC N CARN NL 
Ctenopharyngodon idella PELAGIC I OMN NL 
Cycleptus elongatus BENTHIC N OMN SL 
Cyprinella galactura PELAGIC N INVT SL 
Cyprinella spiloptera PELAGIC N INVT NL 
Cyprinella whipplei PELAGIC N INVT NL 
Cyprinus carpio BENTHIC I OMN NL 
Dorosoma cepedianum PELAGIC N HERB NL 
Dorosoma petenense PELAGIC N OMN NL 
Erimystax dissimilis BENTHIC N INVT SL 
Erimystax insignis BENTHIC N OMN SL 
Erimyzon oblongus PELAGIC N OMN SL 
Esox americanus PELAGIC N PISC NL 
Esox niger PELAGIC N PISC NL 
Etheostoma aquali BENTHIC N INVT NSL 
Etheostoma bison BENTHIC N INVT SL 
Etheostoma blennioides BENTHIC N INVT NL 
Etheostoma blennius BENTHIC N INVT SL 
Etheostoma caeruleum BENTHIC N INVT SL 
Etheostoma camurum BENTHIC N INVT NSL 
Etheostoma cinereum BENTHIC N INVT SL 
Etheostoma crossopterum BENTHIC N INVT NSL 
Etheostoma denoncourti BENTHIC N INVT NSL 
Etheostoma duryi BENTHIC N INVT SL 
Etheostoma flabellare BENTHIC N INVT NSL 
Etheostoma flavum BENTHIC N INVT SL 
Etheostoma histrio BENTHIC N INVT NL 
Etheostoma kennicotti BENTHIC N INVT NSL 
Etheostoma luteovinctum BENTHIC N INVT SL 
Etheostoma nigripinne BENTHIC N INVT NSL 
Etheostoma nigrum BENTHIC N INVT NSL 
Etheostoma planasaxatile BENTHIC N INVT SL 
Etheostoma rufilineatum BENTHIC N INVT SL 
Etheostoma smithi BENTHIC N INVT NSL 
Etheostoma stigmaeum BENTHIC N INVT NSL 
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Species 
Water 
Utilization 

Native (N) or 
Invasive (I) 

Trophic 
Guilda 

Reproductive 
Guildb 

     
Etheostoma striatulum BENTHIC N INVT NSL 
Etheostoma zonale BENTHIC N INVT NL 
Fundulus catenatus PELAGIC N INVT SL 
Fundulus notatus PELAGIC N OMN NL 
Fundulus olivaceus PELAGIC N INVT NL 
Gambusia affinis PELAGIC I OMN LIVE 
Hemitremia flammea PELAGIC N OMN SL 
Hiodon tergisus PELAGIC N CARN SL 
Hybopsis amblops BENTHIC N INVT SL 
Hypentelium nigricans BENTHIC N INVT SL 
Hypophthalmichthys molitrix PELAGIC I OMN NL 
Hypophthalmichthys nobilis PELAGIC I OMN NL 
Ichthyomyzon bdellium PELAGIC N CARN NSL 
Ichthyomyzon castaneus PELAGIC N CARN NSL 
Ichthyomyzon_gagei PELAGIC N HERB NSL 
Ichthyomyzon greeleyi PELAGIC N NONF NSL 
Ictalurus punctatus BENTHIC N OMN NL 
Ictiobus bubalus BENTHIC N OMN SL 
Ictiobus cyprinellus BENTHIC N OMN NL 
Ictiobus niger BENTHIC N OMN SL 
Labidesthes sicculus PELAGIC N INVT NL 
Lepisosteus oculatus PELAGIC N PISC NL 
Lepisosteus osseus PELAGIC N PISC NL 
Lepomis auritus PELAGIC I CARN NSL 
Lepomis cyanellus PELAGIC N CARN NL 
Lepomis gulosus PELAGIC N CARN NL 
Lepomis humilis PELAGIC N INVT NSL 
Lepomis macrochirus PELAGIC N OMN NSL 
Lepomis megalotis PELAGIC N OMN NSL 
Lepomis microlophus BENTHIC N INVT NL 
Luxilus chrysocephalus PELAGIC N OMN NSL 
Lythrurus fasciolaris PELAGIC N INVT SL 
Lythrurus lirus PELAGIC N INVT SL 
Macrhybopsis hyostoma BENTHIC N OMN SL 
Macrhybopsis storeriana BENTHIC N OMN SL 
Menidia beryllina PELAGIC N INVT NL 
Micropterus dolomieu PELAGIC N PISC NSL 
Micropterus punctulatus PELAGIC N CARN NL 
Micropterus salmoides PELAGIC N CARN NL 
Minytrema melanops BENTHIC N INVT SL 
Morone chrysops PELAGIC N PISC SL 
Morone mississippiensis PELAGIC N PISC SL 
Morone saxatilis PELAGIC I PISC SL 
Moxostoma anisurum BENTHIC N INVT SL 
Moxostoma breviceps BENTHIC N INVT SL 
Moxostoma carinatum BENTHIC N INVT NSL 
Moxostoma duquesnei BENTHIC N INVT SL 
Moxostoma erythrurum BENTHIC N INVT SL 
Moxostoma macrolepidotum BENTHIC N INVT SL 
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Species 
Water 
Utilization 

Native (N) or 
Invasive (I) 

Trophic 
Guilda 

Reproductive 
Guildb 

     
Nocomis effusus BENTHIC N INVT NSL 
Notemigonus crysoleucas PELAGIC N OMN NL 
Notropis ariommus PELAGIC N INVT SL 
Notropis atherinoides PELAGIC N INVT SL 
Notropis boops PELAGIC N INVT SL 
Notropis cf. sp. spectrunculus BENTHIC N INVT SL 
Notropis leuciodus PELAGIC N INVT SL 
Notropis micropteryx PELAGIC N OMN SL 
Notropis photogenis PELAGIC N OMN SL 
Notropis telescopus PELAGIC N INVT SL 
Notropis volucellus PELAGIC N OMN NL 
Notropis wickliffi PELAGIC N OMN NL 
Noturus eleutherus BENTHIC N INVT NSL 
Noturus exilis BENTHIC N INVT NSL 
Noturus fasciatus BENTHIC N INVT NSL 
Noturus flavus BENTHIC N INVT NSL 
Noturus miurus BENTHIC N INVT NSL 
Noturus stanauli BENTHIC N INVT NSL 
Oncorhynchus mykiss PELAGIC I CARN SL 
Opsopoeodus emiliae PELAGIC N OMN NSL 
Perca flavescens PELAGIC I CARN NL 
Percina caprodes BENTHIC N INVT SL 
Percina evides BENTHIC N INVT NSL 
Percina phoxocephala BENTHIC N INVT SL 
Percina sciera BENTHIC N INVT SL 
Percina shumardi BENTHIC N INVT SL 
Percina vigil BENTHIC N INVT SL 
Phenacobius uranops BENTHIC N INVT SL 
Pimephales notatus BENTHIC N OMN NSL 
Pimephales promelas BENTHIC I HERB NSL 
Pimephales vigilax PELAGIC N OMN NSL 
Pomoxis annularis PELAGIC N CARN NL 
Pomoxis nigromaculatus PELAGIC N CARN NL 
Pylodictis olivaris BENTHIC N CARN NSL 
Rhinichthys atratulus PELAGIC N INVT SL 
Salmo trutta PELAGIC I CARN SL 
Sander canadensis PELAGIC N CARN SL 
Sander vitreus PELAGIC N CARN SL 
Semotilus atromaculatus PELAGIC N CARN NSL 
a Data from Smogor and Angermeier (1999) 
b Data from Simon (1999)  

  



 
 

108 
 

Table 5.4. Land cover variables from National Land Cover Dataset 2011 used in the current 
analysis.  

Variable 
Variable 
Abbreviation Collapsed variable River 

Open water OW   
Developed, Open Space DOS DL DUCK, CLINCH 
Developed, Low Intensity DLS -  
Developed, Medium Intensity DMS -  
Developed, High Intensity DHS -  
Barren Land (Rock/Sand/Clay) BL   
Deciduous Forest DS FS DUCK 
Evergreen Forest EF - CLINCH 
Mixed Forest MF - CLINCH 
Shrub/Scrub SS  DUCK, CLINCH 
Grassland/Herbaceous GH  DUCK, CLINCH 
Pasture/Hay PH  DUCK, CLINCH 
Cultivated Crops CC  DUCK  
Woody wetlands WW  DUCK, CLINCH 
Emergent Herbaceous wetlands EHW  DUCK 
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Table 5.5. Summary of observed species richness (Sobs) and sampling effort (Coverage) at 

each site for each classification level (80, 90, and 97%) in the molecular dataset and 

traditional data for the Duck River survey.  

Site Sobs Coverage 

 80 90 97 80 90 97 

MOLECULAR       

BCRD 34.1 27.7 24.8 0.9997 0.9997 0.9998 

BRCV 26.2 25.0 23.6 0.9998 0.9998 0.9998 

CLMB 21.3 18.7 17.7 0.9998 0.9999 0.9999 

CSTP 28.9 25.8 24.6 0.9999 0.9999 0.9999 

CTRV 32.0 30.0 27.0 0.9998 0.9998 0.9996 

FWRD 19.2 16.9 15.8 0.9999 0.9999 0.9999 

HHSP 23.5 20.7 18.9 0.9998 0.9997 0.9998 

HMRD 21.3 20.4 18.7 1.0000 0.9999 0.9999 

HTFD 31.2 28.3 25.2 0.9994 0.9994 0.9995 

MTWN 29.9 26.6 25.3 0.9997 0.9997 0.9997 

NTPW 33.9 31.0 28.3 0.9998 0.9998 0.9998 

OKCG 32.6 29.1 26.5 0.9997 0.9998 0.9999 

RML 29.6 25.8 23.7 0.9997 0.9997 0.9997 

TBRD 31.1 28.4 26.4 0.9996 0.9997 0.9998 

TRADITONAL       

BDCK 48.2   0.9843   

BHRD 42.4   0.9836   

BKST 43.9   0.9829   

FMIL 52.9   0.9821   

FRDA 23.4   0.9933   

HTEY 21.0   0.9944   

HTFD 57.1   0.9709   

HTTY 52.0   0.9793   

HTYO 52.6   0.9766   

MFCK 48.4   0.9794   

NMHC 37.1   0.9830   

PBRD 21.0   0.9900   

SMFD 45.3   0.9829   

TFBG 49.4   0.9782   

WFRD 49.7   0.9780   
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Table 5.6. RELATE statistical results for correlations between land cover variables and 
species composition and biometric composition for the Duck and Clinch rivers. Results 
generated with the Spearman rank correlation method. 

River Technique Classification 
Species or 
Biometric Rho-statistic p-value 

Duck Traditional - Species -0.034 0.521 
 Traditional - Biometric  0 0.480 
 Molecular 80 Species  0.033 0.414 
 Molecular 90 Species  0.006 0.457 
 Molecular 97 Species -0.007 0.452 
 Molecular 80 Biometric  0.007 0.447 
 Molecular 90 Biometric  0.014 0.463 
 Molecular 97 Biometric -0.043 0.568 
Clinch Molecular 80 Species -0.058 0.550 
 Molecular 90 Species  0.146 0.266 
 Molecular 97 Species  0.209 0.171 
 Molecular 80 Biometric -0.07 0.555 
 Molecular 90 Biometric  0.051 0.343 
 Molecular 97 Biometric  0.107 0.276 
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Appendix B 

Figures 
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Figure 2.1: Map displaying the historical distribution of Noturus stanauli. Top Panel: Clinch River. 
Bottom Panel: Duck River. Insert: overview of Tennessee and the Duck and Clinch Rivers. 
Numbers for each site correspond to location in Table 2.1. 
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Figure 3.1. Maps of Tennessee and Virginia showing locations of all sampled sites for summer 
2017, winter 2017-2018, and summer 2018 in the Clinch and Duck Rivers. Insert: Overview of 
study area. Top panel: Clinch River watershed. Bottom panel: Duck River watershed. Squares 
denote sites that were used for detection optimization. Black star denotes Nashville, TN, USA.  
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Figure 3.2. Water sampling schematic for the detection optimization portion of the study 
showing the layout of the river strata: surface (SURF), middle (MID), and epibenthic, (EPIB), 
where water samples were collected. A sediment sample was collected from the benthic 
substrate (CORE). 
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Figure 4.1. Map of the Duck River. (A) Sites surveyed during winter 2017. (B) Sites surveyed 
during summer 2018. Red and green colors denote positive and negative detection, respectively, 
for both maps. Dams are indicated by black bars and labeled in both maps. Red square in (B) 
denotes location where traditional sampling methods detected Hypophthalmichthys molitrix in 
summer 2018. 
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Figure 4.2. Average Hypophthalmichthys molitrix DNA concentration from qPCR amplification of 
sampled eDNA sites. Black bars indicate average DNA concentration of technical replicates for 
the first amplification round, while white bars indicate average DNA concentration of technical 
replicates for the second amplification round. Sites are arranged in downstream to upstream 
order. 
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Figure 5.1. Map of the Duck River in Tennessee showing sampling location for eDNA surveillance 

(green dots) and traditional surveillance (orange dots). Black stare denotes Nashville for spatial 

reference. 
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Figure 5.2. Beta diversity patterns from the Duck River with molecular classification schemes 

using a non-metric multidimensional scaling ordination. (A) Ordination based on Jaccard 

transformation (species presence-absence). (B) Ordination based on log + 1 transformation of 

biometric proportion data. 

  

A 

B 



 
 

119 
 

 

 

 

Figure 5.3. Beta diversity of fish communities in the Duck River. Community composition is in 

response to sampling technique, i.e., molecular or traditional, and visualized using a non-metric 

multidimensional scaling ordination. (A) Ordination based on Jaccard transformation (species 

presence-absence). (B) Ordination based on log + 1 transformation of biometric proportion data. 
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Figure 5.4. Beta diversity patterns from the Clinch River compared with molecular classification 

schemes using a non-metric multidimensional scaling ordination. (A) Ordination based on 

Jaccard transformation (species presence-absence). (B) Ordination based on log + 1 

transformation of biometric proportion data. 
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Appendix C 

Bioinformatic Pipeline Code 
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make.file(type=fastq, prefix= “file_name”) 

make.contigs(file, processors) 

summary.seqs(fasta) 

screen.seqs(fasta, group, contigsreport, minoverlap=9) 

summary.seqs(fasta) 

pcr.seqs(fasta, group, oligos, pdiffs=4, rdiffs=4) 

summary.seqs(fasta) 

screen.seqs(fasta, group, maxambig=0, maxhomop=6, maxlength=190, minlength=145) 

summary.seqs(fasta) 

unique.seqs(fasta) 

count.seqs(name, group) 

chimera.uchime(fasta, count, dereplicate=T, skipgaps2=T) 

remove.seqs(fasta, count, accnos) 

summary.seqs(fasta, count) 

get.groups(count= groups=”Names_of_negative_control_groups”) 

remove.seqs(fasta, count, accnos) 

pre.cluster(fasta, count, diffs=0) 

summary.seqs(fasta, count) 

classify.seqs(fasta, count, reference, taxonomy, iters=1000, ksize=12, cutoff) 

remove.lineage(fasta, count, taxonomy, taxon=unknown) 

summary.tax(taxonomy, count) 

phylotype(taxonomy, label=1-2-3-4) 

make.shared(list, count, label=1-2-3-4) 

classify.otu(list, count, taxonomy, basis=otu, cutoff, threshold, label=1-2-3-4) 
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remove.otus(accnos, constaxonomy, shared) 

summary.single(shared,calc=sobs-coverage-simpson, subsample, iters=10000) 

sub.sample(shared, size, iters=10000)  
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