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Investigating the Life History, Demography, and Thermal Tolerances of Rare and Endangered  

Freshwater Mussels (Bivalvia: Unionidae) in the Upper Tennessee River Basin 

Alissa M. Ganser 

Technical Abstract 

The native freshwater mussel species Lasmigona holstonia is imperiled throughout its entire range and 

represents a significant management concern for Alabama, Georgia, North Carolina, Tennessee, and 

Virginia. Lasmigona holstonia remains very understudied, with key aspects of its life-history, biology, 

and thermal tolerances still unknown. In this study, I document mussel burrowing behavior, estimate 

population age structure, establish a thermal regime and tolerances, and estimate population density of L. 

holstonia in Tennessee and Virginia. Results indicate that L. holstonia has an approximate 20-year life-

span and ages vary between populations. Mussels experience headwater stream temperatures frequently 

oscillating 5–7°C each day, and reaching a maximum temperature of 28.5°C. Laboratory exposure of 

juvenile L. holstonia to environmentally-relevant temperatures suggest that some individuals may be able 

to withstand water temperatures up to 32°C for at least 14 days, though mussels displayed reduced heart 

rates (beats per minute) with longer thermal exposure, regardless of temperature. Mussel growth was 

significantly affected by both time and temperature, with mussels in the coldest test temperature (18°C) 

growing just 3% in length over 42 days, compared to a 30% increase in length for mussels exposed to 

22°C and 28°C water for 42 days. Adult L. holstonia were able to bury up to 30 cm into the sediments, a 

depth that is beyond detectability during the surface surveys traditionally used to locate and monitor L. 

holstonia. This burrowing behavior may be important for mussels seeking thermal refuge, as a sediment 

temperature analysis indicates that sediment temperatures were often less variable compared to in-stream 

surface water temperatures. Taken together, L. holstonia appears to be uniquely suited to persisting in a 

hydrologically variable headwater environment, and populations of this mussel may be prone to a boom-

and-bust demographic cycle following changes to habitat. The data and information provided in this study 

will help inform resource managers about the needs for managing populations of this species and for 

determining conservation actions and potential listing needs in the future. In addition, populations of two 

mussel species residing in the mainstem of the Clinch and Powell Rivers (Tennessee and Virginia) were 

surveyed for fifteen years, from 2003–2014 and 2017–2021. Medionidus conradicus is proposed 

endangered for federal listing and Ptychobranchus subtentus has been listed as endangered since 2013. 

Densities of both of these mussel species have varied over time, with M. conradicus populations declining 

since 2017 and P. subtentus populations declining since 2010; however, population densities for both 

species was quite variable over time. Age data for surveyed mussels showed that the populations of P. 

subtentus in the Clinch River are mainly composed of large, older individuals and recruitment of juveniles 

is low, indicating an aging population. Juvenile mussel recruitment for both species may be affected by 

April and July stream discharge, while juvenile M. conradicus recruitment may be affected by July and 

September river temperatures. Long-term monitoring data will help managers understand the 

demographic oscillations of these two mussel species.  
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Investigating the Life History, Demography, and Thermal Tolerances of Rare and Endangered  

Freshwater Mussels (Bivalvia: Unionidae) in the Upper Tennessee River Basin 

Alissa M. Ganser 

Popular Abstract 

Native freshwater mussels are a highly imperiled, yet diverse, fauna, with nearly 300 species native to 

North America. Mussels are susceptible to habitat pollution, urbanization, flooding, drought, and rising 

water temperatures due to global climate change and their relatively long life-spans, sedentary lifestyle, 

and dependence on a host fish for successful reproduction. Despite their vulnerability, critical biological 

information remains unknown about some mussel species. One understudied species is Lasmigona 

holstonia, which resides in small, cool headwater streams throughout Alabama, Georgia, North Carolina, 

Tennessee, and Virginia. Lasmigona holstonia is an imperiled species of conservation concern throughout 

its entire range. Hence, the data and information provided in this study will help inform resource 

managers about the needs for managing populations of this species and for determining conservation 

actions and potential listing needs in the future. I document mussel burrowing behavior, estimate 

population age structure, establish a thermal regime and tolerances, and estimate population density of L. 

holstonia in Tennessee and Virginia. Results indicate that L. holstonia has an approximate 20-year life-

span and ages vary between populations. In stream, mussels experience a suite of temperature changes, 

with headwater stream temperatures frequently oscillating 5–7°C each day, and reaching a maximum 

temperature of 28.5°C. Laboratory exposure of juvenile L. holstonia to environmentally-relevant 

temperatures suggest that some individuals may be able to withstand water temperatures up to 32°C for at 

least 14 days, though mussels displayed reduced heart rates (beats per minute) with longer thermal 

exposure, regardless of temperature. Mussels were able to bury up to 30 cm into the sediments, and a 

sediment temperature analysis indicates that sediment temperatures were often less variable compared to 

in-stream surface water temperatures, thus mussels may seek thermal refuge in stream sediments. Taken 

together, L. holstonia appears to be uniquely suited to persisting in a hydrologically variable environment. 

In addition, populations of two mussel species residing in the mainstem of the Clinch and Powell Rivers 

(Tennessee and Virginia) were surveyed for fifteen years, from 2003–2014 and 2017–2021. Medionidus 

conradicus is proposed endangered for federal listing and Ptychobranchus subtentus has been listed as 

endangered since 2013. Densities of both of these mussel species have varied over time, with M. 

conradicus populations declining since 2017 and P. subtentus populations declining since 2010. Age data 

for surveyed mussels indicates that the populations of P. subtentus in the Clinch River are largely 

composed of large, older individuals and recruitment of juveniles is low, indicating an aging population. 

Juvenile mussel recruitment for both species may be affected by April and July stream discharge, while 

juvenile M. conradicus recruitment may be affected by July and September river temperatures. Long-term 

monitoring data is essential for understanding how populations of long-lived mussel species such as these 

two species can change over time.  
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General Introduction 

North America contains the most diverse fauna of native freshwater mussels in the world, 

with nearly 300 species (Master et al. 2000). However, almost 70% of these species are 

considered extinct, endangered, threatened, or of special concern (Lydeard et al. 2004). Declines 

in mussel abundance and diversity have been attributed to human activities that cause pollution, 

water-quality degradation, and habitat alteration and destruction (Strayer et al. 2004). Many 

mussel populations are declining demographically due to having small sizes and patchy 

distributions, limited dispersal and mobility, spatial and temporal dependence of their larvae on 

host fishes, and the fact that they inhabit fragmented landscapes. Other anthropogenic factors, 

including pollution, run-off and drainage from roads and power plants, urbanization, and rising 

water temperatures and altered precipitation patterns from global climate change have further 

contributed to range contraction, demographic decline and losses of freshwater mussel 

populations (Burton and Likens 1973; Wright et al. 1999; Kaushal et al. 2008).     

Historically, the southeastern United States has been home to a diverse array of freshwater 

fauna, including freshwater mussels (Collen et al. 2014). Unfortunately, rivers in the Southeast 

also have been severely degraded, and mussel populations have been in decline for decades 

(Nagy et al. 2011). Long-term mussel surveys have been vital to documenting the species decline 

in the southeastern United States, although these long-term surveys have tended to focus on 

larger river systems with a wide array of mussel species like those occurring in the Clinch and 

Holston rivers in northeastern Tennessee and southwestern Virginia. Species that prefer smaller 

headwater streams have been overlooked during most long-term surveys, as headwater streams 

are often located in remote areas or on private property, and may contain few mussel species.  
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One species that has been overlooked in many long-term surveys is the Tennessee 

Heelsplitter (Lasmigona holstonia). The native range for L. holstonia spans streams in Alabama, 

Georgia, North Carolina, Tennessee, and Virginia, where it is considered, state endangered in 

North Carolina (ncwildlife.org) and Virginia (dwr.virginia.gov), very rare and imperiled in 

Georgia (georgiabiodiversity.org) and Tennessee (tn.gov), and of high conservation concern in 

Alabama (outdooralabama.com). This species was a candidate for listing under the U.S. 

Endangered Species Act until 2023, when its listing candidacy was halted (U.S. Fish and 

Wildlife Service 2023). The current distribution includes the headwaters of the Clinch, Powell, 

and Holston rivers (VA), Copper Creek in the Clinch River drainage (VA), North Fork Beech 

Creek (TN), and Possum and Big Moccasin Creeks (VA; Brian Watson, Virginia Department of 

Wildlife Resources, personal communication). In the Ohio River drainage, L. holstonia has been 

found in a tributary stream of the New River in both Virginia and West Virginia (Pinder et al. 

2003). Additionally, populations of L. holstonia can be found in the Paint Rock River system 

(AL), although the current distribution of this species in this river is generally unknown due to a 

lack of surveys in small headwater streams (Williams et al. 2008). Unlike other mussel species, 

which generally inhabit larger streams and rivers with moderate to fast current and sand and 

gravel substrate, L. holstonia is found in small, headwater streams with fine silt and sand 

substrate. Prior to the assessments whose results are presented in this dissertation, little else was 

known about the preferred habitats or life-history of this species, with the exception of one thesis 

investigating potential host fishes suitable for propagation of this species (Steg-Geltner 1998).  

In this study, I present novel information on the life-history, and behavior (Chapter 1), 

demography (Chapter 2), and thermal tolerances (Chapter 3) of L. holstonia, information until 

now was largely unknown and therefore this study was intended to provide information valuable 
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to state and federal resource managers for the appropriate management and conservation listing 

of this understudied species. Information provided in my dissertation also can be used in the 

development of species distribution models and future mussel propagation efforts.  

While the primary focus of this dissertation is L. holstonia, I also studied the demography 

and recruitment of two species, Cumberland Moccasinshell, (Medionidus conradicus) and Fluted 

Kidneyshell, (Ptychobranchus subtentus), from the Clinch River in Virginia and Tennessee 

(Chapter 4). Ptychobranchus subtentus was listed as endangered under the U.S. Endangered 

Species Act in 2013. The historic range for this species extended throughout parts of Alabama, 

Kentucky, North Carolina, Tennessee and Virginia.  At the time of listing, 50 percent of P. 

subtentus populations were considered extirpated, with remaining populations in the Cumberland 

and Tennessee River systems decreasing (U.S. Fish and Wildlife Service 2013).  In addition to 

being federally listed, P. subtentus is listed as state endangered in Kentucky, Tennessee and 

Virginia. Medionidus conradicus is currently proposed as endangered under the Endangered 

Species Act.  This species historically occurred in streams throughout Alabama, Georgia, 

Kentucky, North Carolina, Tennessee, and Virginia; however, populations in all states are 

declining.  This species is abundant in the Clinch River and is still extant in the Powell River and 

North Fork Holston River (Virginia and Tennessee; Parmalee and Bogan 1998; Ahlstedt et al. 

2016). I utilized previously collected density, abundance and recruitment data for M. conradicus 

and P. subtentus and compared it to long-term stream discharge and temperature data from the 

Clinch River to understand long-term demographic trends for these two species (Chapter 4). My 

results provide a framework for how to utilize information collected and presented here to 

monitor and manage populations of these mussels throughout the Clinch River system. 
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Chapter 1 

The Tennessee Heelsplitter (Lasmigona holstonia): Life-history, Burrowing 

Behavior, and Population Age Structure of an Understudied Freshwater 

Mussel Species 

Abstract 

The Tennessee Heelsplitter, Lasmigona holstonia, is considered imperiled throughout its range 

and was recently a candidate for listing under the U.S. Endangered Species Act. This species is 

unique in that it inhabits small, cool headwater streams, and is one of only a few species that will 

thrive in these ecosystems. The species remains critically understudied, and many aspects of its 

life-history, behavior, and population age structure are unknown. In this study, I analyze size 

ranges of glochidia between different populations of L. holstonia, expand upon previous host-

fish assessments, document burrowing behavior, and estimate the age structure of two robust 

populations of L. holstonia in Tennessee and Virginia. Glochidia length, width, and hinge width 

varied significantly between five populations of L. holstonia in Virginia and Tennessee and one 

population of an undescribed Lasmigona species occurring on the Cumberland Plateau in eastern 

Tennessee. Host-fish assessments revealed a wide range of suitable hosts for this species, 

including Banded Sculpin (Cottus carolinae) Blacknose Dace (Rhinichthys atratulus), and 

Central Stoneroller (Campostoma anomalum), producing large numbers of juveniles. Mussels 

were documented burrowing up to 30 cm into the sediments and displayed vertical movement 

patterns that varied with season, with burrowing depths greatest in the summer when surface 

water temperatures were highest. The age structure of a Virginia population of L. holstonia 

showed individuals living to almost 20 years of age. However, mussels from the Tennessee 

population were younger and smaller than those in the Virginia population. This life-history 

information is critical to enhancing understanding of this species and effectively managing the 

remaining populations. Information presented in this study will also support future listing 

determinations for L. holstonia.   

Keywords: Endangered, Headwater, Host fish, Glochidia, Demography, Management 
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Introduction 

North America has the highest diversity of freshwater mussels in the world, with about 300 

native species (Master et al. 2000). Unfortunately, nearly 70% of these species are considered to 

be threatened, endangered, extinct, or of special concern (Lydeard et al. 2004). To date, nine 

freshwater mussel species have been delisted by the U.S. Fish and Wildlife Service due to their 

presumed extinction (U.S. Fish and Wildlife Service 2025). In 2023 alone, eight freshwater 

mussel species native to the United States were officially removed from the U.S. Endangered 

Species List as they are now considered extinct (U.S. Fish and Wildlife Service 2023A). Of the 

remaining extant species in North America, 180 species are currently being monitored by the 

U.S. Fish and Wildlife Service. Sixty-nine of these species are federally listed as endangered, 20 

are listed as threatened, and 14 species are proposed for listing (U.S. Fish and Wildlife Service 

2025). To determine whether a species qualifies for listing under the U.S. Endangered Species 

Act (ESA), important information on the species and its preferred habitat must be established. 

This process includes determining the critical habitat of a species (e.g., thermal requirements, 

stream composition, flow requirements, etc.), extant versus historic populations and distribution, 

and unique species biology, such as its fish hosts. Given the breadth of information that must be 

known about a species to determine its listing needs, rare species and species that are 

understudied or inappropriately defined may be misclassified, resulting in these species not 

becoming subject to critical environmental and species protections that can help maintain and 

establish viable populations.  

Freshwater ecosystems are already among the most vulnerable ecosystems globally (Hastie 

2003), and freshwater mussels, in particular, are susceptible to environmental changes due to 

anthropogenic causes. These include pollution, urbanization, dams that prevent host-fish 
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migration, introduced species, and rising water temperatures and altered precipitation patterns 

due to global climate change (Burton and Likens 1973; Wright et al. 1999; Kaushal et al. 2008). 

The complex life-cycle of freshwater mussels contributes to their vulnerability, as most species 

are obligate ectoparasites upon the gills or fins of a host fish. This reliance on a host fish helps 

ensure the upstream dispersal and continued population persistence of a mussel population. 

While there are still questions regarding mussel-fish relationships and the cues that initiate 

mussel reproduction, it appears that the mussel reproductive period aligns with the migration 

patterns of at least some host fish species (Kat 1984). Alterations or inhibitions to the migration 

and movement of host fish can have negative consequences for mussel populations (Neves 1993; 

Haag & Williams, 2014). Further, when considering the listing of a species under the US ESA, 

access to host-fish populations needs to be considered in the establishment of critical habitat and 

determination of vulnerable populations. To meet the conservation needs of a freshwater mussel 

species, factors such as the species distribution, demography, life-history traits, host-fish 

preferences, and habitat characteristics need to be established (Ferreira-Rodriguez et al. 2019). In 

this study, I provide information on these species’ characteristics for the understudied Tennessee 

Heelsplitter (Lasmigona holstonia). 

L. holstonia, is a small (<60 mm) native freshwater mussel residing in cool first- and second-

order headwater streams within the southeastern United States. Its native range spans Alabama, 

Georgia, North Carolina, Tennessee, and Virginia, and is considered to be imperiled or critically 

imperiled throughout its range. Notably, seemingly robust populations of this species are 

documented in Tennessee and Virginia (Parmalee and Bogan 1998), although the unique habitat 

and life history of this species make these remaining populations vulnerable to extirpation from 

various anthropogenic stressors. Populations of L. holstonia also persist in Alabama, Georgia, 
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and North Carolina, although these populations appear to be smaller and less tolerant to 

environmental disturbances than those in Tennessee and Virginia. Additionally, populations of L. 

holstonia can be found in the Paint Rock River system (AL), although the current distribution of 

this species in this river is generally unknown due to a lack of surveys in the small headwater 

streams of this river system (Williams et al. 2008). Unlike many other mussel species, which 

generally inhabit larger streams and rivers with moderate to fast current and sand and gravel 

substrate, L. holstonia is found in headwater streams with fine silt and sand substrates. General 

characteristics of the headwater streams which L. holstonia prefers remain under-documented, 

although few to no other mussel species generally are found in the same locations as L. 

holstonia, indicating potential unique habitat preferences for this species.  

Lasmigona holstonia previously was considered conspecific with Etowah Heelspitter L. 

etowaensis, though recent analysis elevated L. etowaensis to a separate species native to Georgia 

(Williams et al. 2017). A third undescribed Lasmigona species (unofficially referred to as the 

Barrens Heelsplitter) is found in a few streams of the Upper Caney Fork drainage in Tennessee 

(Barton and Layzer, 2011) and previously was classified as L. holstonia, although the 

phylogenetic affinities of this species need further examination (Steve Ahlstedt, retired, U.S. 

Geological Survey, personal communication). 

Lasmigona holstonia displays life-history characteristics that align with other anodontine 

mussel species, including large (~300 µm in length), hooked glochidia. During host infestation, 

these glochidia primarily encyst on the fins and skin of the host fish, as opposed to glochidia 

from other mussel species that encyst primarily on the gills. The large hook on the glochidia is 

thought to help create a powerful attachment to the tougher skin tissue (Bauer 1994). Further, L. 

holstonia appears to be a host generalist, capable of successful juvenile transformation on a 



10 

 

variety of host fishes. Of course, L. holstonia would still be limited to host fishes that co-occur in 

small first- and second-order streams, and while it is suspected that L. holstonia is a host 

generalist, the extent of suitable host fish for L. holstonia remains unknown. Similar to other 

anodontines, L. holstonia are long-term brooders, first becoming gravid in the fall (September or 

October), and holding the brood until the following spring (April). Gravid L. holstonia release 

their brood in the spring. Currently, it is thought that the lifespan of L. holstonia generally does 

not exceed 20 years (Brian Watson, VDWR, personal communication), although this has not 

been verified. The shells for L. holstonia are capable of shutting tightly, but the lateral teeth are 

greatly reduced (Clarke 1985), meaning that the shells can be moved laterally while the mussel is 

shut. Population sex ratios and fecundity of L. holstonia also have not been documented. 

Burrowing behavior and movement are indicative of a species’ ability to withstand 

environmental changes, specifically drought and elevated water temperatures. For larger species 

that cannot fully close their shells, movement from an area may be the preferred method for 

surviving unfavorable water conditions. For smaller species that can tightly close their shells, 

like L. holstonia, burrowing deep into the sediments may be the preferred method for 

withstanding higher water temperatures or low water levels. As reported in Chapter 3, sediment 

temperatures were generally cooler and more stable than in-stream water temperatures in L. 

holstonia streams, a contrast reported in studies in large rivers as well (Newton et al. 2013). 

Additionally, burrowing of freshwater mussels is likely to vary seasonally, with mussels being 

located closer to the surface of the sediments during times of reproductive activity (Amyot and 

Downing, 1997). As a long-term brooder, I suspect that L. holstonia will be located near the 

surface of the sediments during fertilization periods (late summer to early fall) through most of 

the remainder of their reproductive period. While burrowing behavior has been assessed for other 



11 

 

species, I am unaware of long-term burrowing behavior assessments for mussels that inhabit 

small first-and second-order streams.  

The relationship between a mussel and its fish hosts strongly influences the ecology and 

evolution of a freshwater mussel species (Haag and Warren 1998). As freshwater mussels rely on 

a host fish to complete their lifecycle, critical habitat distinctions under the US Endangered 

Species Act should consider preferred host fish presence. Thus, information on the preferred host 

fish for L. holstonia is important for understanding the biological and listing needs of this 

species. Further, an understanding of the preferred host fish for L. holstonia can improve 

propagation and population restoration efforts for this species. Understanding burrowing 

behavior and population age structure can provide information needed to establish survey 

protocols and demographic projections needed for managing populations of this species. 

Additionally, given the potential taxonomic elevation of the Barrens Heelsplitter (Lasmigona 

spp.), establishing the life-history characteristics of L. holstonia will be important for further 

defining differences between these two species. Glochidia structure, for example, has been used 

as a distinguishing marker between two grouped anodontine species in the western United States 

(O’Brien et al. 2019). While external shell morphology can be variable in adults and influenced 

by external factors (e.g., growing wedged between a rock that affects shell growth), glochidial 

measurements are less ambiguous and less variable (O’Brien et al. 2019). Paired with ongoing 

genetic and shell morphology analyses, life-history characteristics such as glochidia structure 

may not only improve knowledge of L. holstonia, but that of other Lasmigona species as well. 

Lasmigona holstonia is considered imperiled throughout its range, being listed as endangered 

in North Carolina (ncwildlife.org) and Virginia (dwr.virginia.gov), very rare and imperiled in 

Georgia (georgiabiodiversity.org) and Tennessee (tn.gov), and of high conservation concern in 
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Alabama (outdooralabama.com). Until recently, L. holstonia was proposed as a candidate for 

listing under the U.S. Endangered Species Act, although a decision (U.S. Fish and Wildlife 

Service 2023B) released in August 2023 determined that this species is unlikely to become 

extinct in the near future and not in need of federal listing at this time. Given the patchy 

distribution of this species and because many headwater streams are remote or located on private 

property, L. holstonia often has been overlooked during long-term mussel monitoring surveys, 

despite its vulnerable status across its range (Williams et al. 2008). Currently, the bulk of our 

knowledge about L. holstonia is found in unpublished mussel surveys and relocations done for 

infrastructure projects (see Beaty and Ostby 2010, reports A–F; Beaty and Ostby 2011, reports 

A–P; Virginia Department of Transportation Threatened and Endangered Species surveys, Brian 

Watson, personal communication). The published research regarding L. holstonia is nearly 

entirely survey-based (Pinder et al. 2002; Jones et al. 2001; Jones et al. 2007; Henley et al. 

2013), with only one published work investigating host-fish preferences for mussel propagation 

(Steg-Geltner 1998). Here, I provide some of the first extensive documentation of the life-

history, burrowing behavior, and population age structure of L. holstonia and expand upon 

knowledge of the preferred host fish for this species. Considering the unique habitat and life-

history of this species, and the fact that this species remains critically understudied, information 

presented here will help provide necessary information on the listing and management needs of 

this species.  

Methods 

Assessment of glochidia size 

Gravid female L. holstonia were collected by hand at five sites and gently opened to assess 

for gravidity streamside. Three gravid female L. holstonia were collected from Crab Orchard 
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Creek, New River watershed, Bland County, VA, on October 31, 2018. Two gravid female 

mussels were collected from Cloud Branch, Ocoee River watershed, Polk County, TN, on 

November 16, 2018. Two gravid females were collected from Johnson Branch (Clinch River, 

Tazewell County, VA) on October 25, 2018, and two gravid females were collected on March 

29, 2019 from Beech Creek (Holston River, Hawkins County, TN). Two gravid female mussels 

were collected from the South Fork Clinch River, Tazewell County, VA, on November 19, 2020. 

Mussels were moved and held in a flow-through holding tank supplied by pond water at the 

Freshwater Mollusk Conservation Center (Blacksburg, Montgomery County, VA, VDWR permit 

numbers 071267, 071267).  

To extract the glochidia, mussel shells were gently opened, and the gravid gills were 

punctured using a water-filled hypodermic needle. The gills were then flushed with conditioned 

water to rinse the glochidia into a petri dish. Following extraction, female mussels were returned 

to their holding tank at FMCC. Glochidia length was measured (Figure 1) using a Nikon SMZ-

800N Stereo Zoom microscope on a sample of 11–12 random glochidia per mussel. Viability 

was assessed by exposing a sample of glochidia to table salt (NaCl) following the conclusion of 

measurements, with a glochidia closure rate of 90% or more indicative of viable glochidia. All 

glochidia assessed proved viable, and a sample from each brood was preserved in a glass vial 

containing 95% ethanol. Glochidia measurements from each female mussel were averaged, and 

the results were averaged across both females from the same location. A one-way ANOVA was 

run comparing mean glochidial measurements within and among locations (α = 0.10). 

Identification of fish hosts 

I selected target host fish that are known to co-occur with L. holstonia in Virginia as 

determined by survey work in 2010 and 2011 (Beaty and Ostby 2010, reports D-G; Beaty and 
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Ostby 2011, reports B-C, J-K) and based on availability. To conduct host-fish trials for L. 

holstonia, fish were collected with a backpack electrofisher (Halltech Model HT-2000; 

Scarborough, Ontario, Canada) from Montgomery County, VA, brought to the Freshwater 

Mollusk Conservation Center at Virginia Tech, Blacksburg, VA, and allowed to acclimate in a 

recirculating aquaculture system for 48 hours prior to infestation.  Glochidia used in this study 

were collected from gravid female L. holstonia collected from: (1) Crab Orchard Creek, New 

River watershed, Bland County, VA; (2) Cloud Branch, Ocoee River watershed, Polk County, 

TN; (3) Johnson Branch and (4) South Fork Clinch River, Clinch River, Tazewell County, VA. 

Gills of gravid female mussels were flushed, and glochidia were tested for viability as described 

above. Fish were maintained in holding troughs with continuously circulating water at a constant 

temperature (19–20°C, see Table 1) for 24–48 hours prior to infestation. For infestation, all fish 

from each trough were removed from the holding tanks using a hand net and placed into separate 

polycarbonate tanks by trough. Infestation tanks contained enough water (2–3 liters, water 

temperature 19–20°C) to cover all fish and 2–4 air stones, depending upon the number of fish. 

Extracted glochidia were combined, divided equally, and placed into the fish infestation tanks. 

The tanks used for infestation were 10L polycarbonate AHAB tanks (Aquatic Habitats for 

Accelerated Bioresearch; Apopka, FL). One to eleven fish were infested in each tank, and tanks 

contained enough water to just cover the fish and were aerated to ensure adequate oxygen 

availability and assist with infestation. Periodically, tanks were gently agitated to re-suspend 

glochidia and promote glochidial attachment to fish. Fish infestation was assessed after 30 

minutes, with one or two fish being examined for infested glochidia by viewing the fins of fish 

under the light of a dissecting microscope. Observations continued at ten-minute increments until 

glochidial attachment was observed (60 minutes total).  For Rock Bass Ambloplites rupestris, the 
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rate of infestation remained low after 40 minutes, so an eye dropper was used to drop glochidia 

directly onto their fins. After infestation, all fish were returned to their respective troughs. 

Troughs were siphoned every day to collect any transformed juveniles, which were counted and 

then transferred to a sediment box.  

During the first host-fish trial, Central Stoneroller (Campostoma anomalum), Blacknose 

Dace (Rhinichthys atratulus), Fantail Darter (Etheostoma flabellare), and Banded Sculpin 

(Cottus carolinae) were infested with glochidia from three L. holstonia females on December 3, 

2018 (Table 1). A second host-fish trial was conducted on February 11, 2019. Because of slight 

differences in the glochidial hinge width observed between mussels from Cloud Branch and Crab 

Orchard Creek (Table 2) and the geographic separation of these streams, this second trial focused 

on determining whether there was a difference in host-fish preference between the two L. 

holstonia populations. Collected Banded Sculpin and Central Stoneroller were divided into 

separate tanks, with one tank for each fish species infested with glochidia of one female from 

Cloud Branch, and the other infested with glochidia of one female from Crab Orchard Creek 

(Table 1). A third host-fish trial was initiated on January 28, 2020 using glochidia from two L. 

holstonia collected in the South Fork Clinch River (VA).  For this trial, 12 Blacknose Dace and 

two Rock Bass were infested (Table 1).   

Burrowing behavior 

Burrowing behavior in L. holstonia was monitored as part of a year-long capture-mark-

recapture assessment of density and abundance of this species (Chapter 2). I selected two 

populations for this assessment, observations for which began in June and July 2019. In Virginia, 

the South Fork Clinch River, Tazewell County population was selected, as this represents one of 

the largest and most robust remaining populations of L. holstonia in the state. In Tennessee, a 
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newly located, but seemingly robust population was selected in Cloud Branch, Polk County, a 

tributary to the Ocoee River. 

The South Fork Clinch River site is 50 m in length and averages 4 m in width. The site is 

located in a bend in the river with mostly sandy substrate with silt near the bank (Figure 2A). 

There are large rocks and pebbles located near the middle channel of this site. This portion of the 

South Fork Clinch River runs through flat, agricultural and residential land and is prone to rapid 

water level and flow increases associated with precipitation events and run-off from nearby 

roads.  

The Cloud Branch population was first documented on November 16, 2018. While there is a 

documented, though unmonitored, population of L. holstonia upstream, I am unaware of 

previous surveys or collection records from this site. The Cloud Branch site is about 50 m in 

length, and the width is 1–3 m (Figure 2B). The substrate at this site is mostly silt with sand and 

small rocks in the middle of the creek. Cloud Branch is generally very shallow (<0.5 m), but 

water levels can increase rapidly during or following periods of high precipitation.   

The capture-mark-recapture study in the South Fork Clinch River was initiated on June 26, 

2019.  Mussels were collected by hand using a viewscope and tagged with both a Hallprint 

(Hindmarsh Valley, South Australia) shellfish tag and a PIT tag (Biomark; Boise, Idaho; see 

Chapter 2 for Methods). All mussels were assessed for gravidity, and shell lengths were 

measured. To assess burying capability, larger L. holstonia individuals were affixed with a 30-

cm length of bright green monofilament fishing line tied to a brass spoon (3/4”, used in fishing 

lures, see Figure 3). The spoon was aligned with the curve of the right valve of the shell, and 

super glue (LOCTITE Ultra Gel Control) was used to securely attach the spoon to the shell. This 

allowed for a high surface area of contact between the shell and the spoon, and provided a more 
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permanent attachment for the line to the mussel shell. Cloud Branch, located near Benton, TN 

(Polk County), was visited on July 16, 2019. I collected and tagged mussels following the 

protocols used in the South Fork Clinch River. Only eight mussels at this site were large enough 

(>30 mm) to affix with the spoon and fishing line without potentially disrupting mussel 

burrowing ability or survival.  

Each site was surveyed five times between summer 2019 and January 2020. Due to travel 

restrictions associated with the COVID-19 pandemic, each site was surveyed once in July 2020. 

The South Fork Clinch River site was visited on August 15, September 19, October 11, and 

November 11, 2019 and July 8, 2020. The Cloud Branch site was visited on September 4, 

October 3, and November 21, 2019 and January 8 and July 16, 2020. During each site visit, 

mussels were searched for using a viewscope, and any fishing line visible above the sediment-

water interface was measured and subtracted from 30 to determine the approximate burrowing 

depth of the mussel (Newton et al. 2015). Following the line measurement, mussels were 

unburied, measured for length, and checked for gravidity. Following this assessment, all mussels 

were returned to the study site. 

Length and age structure 

Fifteen L. holstonia shells were collected from the South Fork Clinch, VA during repeated 

visits to this site from 2019 – 2021 as outlined in Chapter 2. Fourteen L. holstonia shells from the 

Ocoee River Basin, TN were obtained from the McClung Museum, University of Tennessee, 

Knoxville. Mussel shells were thin-sectioned following procedures described by Clark (1980) 

and Neves and Moyer (1988). A Buehler Isomet low-speed saw unit with a diamond-

impregnated blade (Buehler, Evanston, Illinois) was used to cut shells from the center of the 

umbo to the ventral margin. Cut valves were glued using 2-Ton Clear Epoxy (Illinois Tool 
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Works, Devcon, MA) to 27 x 46 mm petrographic microslides, vacuum-sealed into a 

petrographic chuck, attached to the cutting arm of the saw, and sectioned at a thickness of 280 

mm (Neves and Moyer, 1988). Shell thin sections were examined using 40x magnification. 

Internal growth lines were considered true annuli if they were continuous from the umbonal 

region to the outer surface of the shell. This approach is based on the premise of one annulus 

being formed every year, which is supported by previous shell-aging studies in the rivers of 

southwest Virginia (Neves and Moyer, 1988), and more than a dozen mussel species in North 

America (Veinott and Cornett, 1996; Haag and Commens-Carson, 2008). Due to difficulties 

collecting younger (≤3 years) mussels in the river, lengths for 0 to 3 yr old individuals were 

obtained by back-calculating length-at-age based on internal annuli of all individuals. Juveniles 

were considered to be age 0 if no external annulus was observed on the shell, and typically were 

individuals 5–11 mm long when measured near the end of the growing season. Therefore, on 

adult mussels, the first distinct external annulus was considered the age 1 annulus.  

A von Bertalanffy growth curve (VBGC) (von Bertalanffy 1938) was used to estimate 

length-at-age. The VBGC is expressed as:  

L(t) = L∞(1 − 𝑒𝑥𝑝(−𝑘(𝑡 − 𝑡0))) 

where L∞ is the asymptotic length, k is a growth coefficient indicating how quickly L∞ is 

approached, and t0 is the time in years when length would theoretically be equal to zero. The 

VBGC estimates were calculated in RStudio (v.2025.5.1.513; Posit team 2025). As L. holstonia 

are not sexually dimorphic, age and growth analyses could not be separated by sex.  
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Results 

Assessment of glochidia size 

Across all five assessed populations of L. holstonia, glochidia height ranged from 210 to 310 

µm (Table 2). The average glochidia heights were lower in the Clinch River headwaters (South 

Fork Clinch River, and Johnson Branch) and the Holston River (Beech Creek) populations than 

in the New River or Ocoee Basin populations (Table 2). The smallest mean glochidial height was 

at Johnson Branch (260.5 µm). The Cloud Branch population had the largest average glochidia 

height of 295 µm. Average glochidia width for L. holstonia ranged from 277 µm in the South 

Fork Clinch River population to 293.5 µm in the Crab Orchard Creek (New River) population. 

Similar to glochidia height, the largest glochidia widths were from the Crab Orchard Creek and 

Cloud Branch populations (Table 2).  

Hinge length ranged from 120 µm in Beech Creek to 235 µm in Cloud Branch. Following the 

trend observed for both glochidia height and width, the largest glochidia hinge widths were from 

the New River and Cloud Branch populations (Table 2). These two populations both exceeded 

hinge widths of 200+ µm, and were the only populations to do so. There was a significant 

difference between all populations (df = 4, F = 73.68, p <0.001 at α = 0.10; Table 3). Glochidial 

height was statistically significantly different across all populations of L. holstonia and the 

Barrens Heelsplitter (df = 5, F = 32.09, p <0.001 at α = 0.10; Table 3). All average glochidia 

widths for L. holstonia were larger than the glochidia width for Barrens Heelsplitter (274.5 µm). 

Glochidia width was significantly different between all L. holstonia populations and the Barrens 

Heelsplitter (df = 5, F = 5.63, p <0.001 at α = 0.10; Table 3). 
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Identification of fish hosts 

 From the first host-fish trial, nearly 1500 juveniles were produced from Banded Sculpin, the 

most produced among any fish species tested (Table 1). The second- highest number produced 

were 564 juveniles from Central Stoneroller. An additional 115 juveniles were produced from 

Fantail Darter, and seventy-one juveniles from Eastern Blacknose Dace, but which were 

produced from only one fish. Banded Sculpin, which produced the most total juveniles of all 

fishes evaluated in this study, produced 67 juveniles per fish, Central Stoneroller 23, and Fantail 

Darters 13.   

During the second host-fish trial, glochidia were collected from gravid females from Crab 

Orchard Creek and Cloud Branch. For this trial, only Banded Sculpin and Central Stoneroller 

were tested.  Banded Sculpin produced the most juveniles for both mussel populations, with 780 

juveniles produced using glochidia from Crab Orchard Creek females and 1124 juveniles using 

glochidia from Cloud Branch females. Central Stoneroller produced 504 juveniles using 

glochidia from Crab Orchard Creek and 661 using glochidia from Cloud Branch. During the 

third trial, the two Rock Bass produced nine juvenile mussels and the 12 Eastern Blacknose Dace 

produced 73 juveniles. 

Burrowing behavior 

The South Fork Clinch River population was first surveyed on June 26, 2019, and 30 mussels 

were collected, tagged, affixed with fishing line (i.e., line-marked), and released. This site was 

visited on August 15, 2019, and seven line-marked mussels were observed at the sediment 

surface. Three additional mussels were buried – one mussel was buried 6 cm, one 7 cm, and 

another 8.5 cm (Figure 4). The next visit to this site was on September 19, 2019, and one line-

marked mussels was buried 3 cm and six lined mussels were collected at the sediment surface. 
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The fourth visit to the South Fork Clinch River was on October 11, 2019. Three lined mussels 

were buried in the sediment, 4, 5, and 6 cm deep, respectively, and 5 line-marked mussels were 

collected at the sediment surface. On November 11, 2019, I visited this site for the fifth time. No 

line-marked mussels collected during this visit were buried; however, 4 line-marked mussels 

were collected at the sediment surface. The sixth visit to the South Fork Clinch River site was on 

July 8, 2020. I recovered three tagged line-marked mussels, but none were buried (Figure 4). 

Total numbers of collected mussels (line-marked, unlined, and untagged) during each site visit 

are reported in Chapter 2. 

Cloud Branch was visited and surveyed on July 16, 2019, and 8 mussels were collected, 

tagged, lined, and released. This site was visited on September 4, 2019. Of the mussels that were 

affixed with fishing line, seven were collected, and three of these mussels were buried >20 cm 

(Figure 5). One of these mussels was buried 20 cm, one 23 cm, and another mussel was buried 

30 cm into the substrate. The rest of the lined mussels were buried ≤7 cm. Cloud Branch was 

visited on October 3, 2019, and five line-marked mussels were collected, all unburied. This site 

was visited for the fourth time on November 21, 2019, and four lined mussels were collected. 

Two mussels were buried 4 and 5 cm, respectively, one mussel was buried 27 cm and one mussel 

was buried 30 cm. The fifth visit to Cloud Branch was on January 8, 2020. Of the mussels 

affixed with fishing line, three were observed and all were at the sediment surface. The sixth and 

final visit to this site was on July 15, 2020, when it was evident that the sediments had been 

washed away, likely due to an old brick bridge upstream having catastrophically given way 

(described in Chapter 2). No line-marked mussels were collected (Figure 5). 
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Length and age structure 

Measured total lengths and estimated ages for the fifteen L. holstonia from the South Fork 

Clinch River analyzed for population age structure ranged from 5 mm (age 1) to 50 mm (age 19). 

Of the fifteen mussel shells assessed, one mussel was less than 5 years old at time of 

measurement, seven were between 6 and 10 years old, five were between 11 and 15 years old, 

and two individuals exceeded 16 years of age (18 and 19, respectively; Table 4). The fitted von 

Bertalanffy growth curve for this population is shown in Figure 6, and the estimated growth 

parameters are: 

L∞ = 43.53; k = 0.462; t0 = 0.635 

Total lengths of the fourteen L. holstonia analyzed for population age structure from the 

Ocoee River Basin ranged from 7 mm (age 1) to 35 mm (age 9). Final ages for these mussels 

ranged from 3 years to 9 years, with thirteen of the fourteen mussels being 5 years of age or less 

(Table 4). The fitted von Bertalanffy growth curve for this population is shown in Figure 7, and 

the estimated growth parameters are: 

L∞ = 39.19 k = 0.457; t0 = 0.518 

 

Discussion 

Assessment of glochidia size 

Across all five populations of L. holstonia and the Barrens Heelsplitter population in Eastern 

Tennessee, differences in glochidial height, width, and hinge width were statistically significant. 

For all three metrics, glochidia from the Crab Orchard Creek population (New River) and Cloud 

Branch (Ocoee Basin) were the largest. Glochidia from the two Clinch River headwater streams 
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(South Fork Clinch River and Johnson Branch) and the Beech Creek (Holston River) population 

were the smallest. With the exception of the Beech Creek population, which were assessed in 

March, all other females were collected, and glochidia were measured shortly after collection in 

October and November. By far the largest and likely oldest individuals were from Crab Orchard 

Creek, which could explain the fact that these glochidia were consistently larger than other 

headwater streams in the area (Table 2). The literature does not indicate a clear allometric 

relationship between female age and length with the production of larger glochidia, though 

investigations into this relationship have relied solely on shell length, but not wet tissue weight 

or body volume (Bauer 1994). I did not calculate total wet weight or dry tissue weight in this 

study, as every effort was made to return mussels to their streams alive. However, it is possible 

that the overall wet weight and body volume of a female mussel could contribute to the 

discrepancies in glochidial sizes that I observed, with females with more body volume capable of 

producing larger glochidia.   

Like many anodontines, L. holstonia has large, hooked glochidia, which provides a powerful 

mechanism for its glochidia to attach to the tough fin and skin tissues of host fish (Bauer 1994). 

Similar to glochidia from other mussel species, when the glochidia of L. holstonia come into 

contact with an appropriate medium, they will close tightly, ideally on a host fish. Interestingly, 

L. holstonia appears to differ from other species’ glochidia in the mechanism of closure when 

exposed to salt in the laboratory. Whereas other species’ glochidia shut rapidly when exposed to 

salt, I observed that L. holstonia appears to close, open, and close multiple times before closing 

permanently. I also observed intermittent and rapid closing of the glochidia in the absence of 

salt; when this occurred, the glochidia would shut very quickly and then snap back to an open 

position. I observed this behavior both when glochidia were densely packed and when they were 
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sparsely scattered throughout the petri dish, indicating that this behavior is probably not initiated 

by a high glochidia density. I hypothesize that this is due to the fact that L. holstonia glochidia 

preferably attach to the fins and skin of fish. It is thought that glochidia close on fish tissues in 

response to the salt content in the blood vessels, which would be numerous in the gills of the 

fish. While the fins and skin of the fish do have a blood supply, these tissues are less 

vascularized than the gills and are likely tougher to pierce through. Perhaps the larger hook on 

the glochidia combined with the tentative latching mechanism helps ensure that the glochidia are 

able to attach to the tougher fin and skin tissue, and the repeated opening and closing helps the 

glochidia break through the tough tissues or offers multiple chances to attach to a favorable 

portion of the fish. Unfortunately, I did not observe glochidia attaching to the gills of the host 

fish, so I am unable to determine if this behavior is due to the location of the encystment or the 

fact that L. holstonia glochidia do not react readily to salt because the tissues they encyst on are 

less vascularized. Additionally, during the preparation for sculpin infestations for Chapter 3 of 

this dissertation, I observed that the glochidia freely released from L. holstonia were released in 

large, mucus clumps that settled on the bottom of the mussel holding container. The size and 

mucus composition of these clumps may help them remain relatively in place on the surface of 

the sediment in low flowing water, thus allowing these glochidia the opportunity to attach to fish 

species who reside in the benthos.  

While the physiology behind the slow closing mechanism of L. holstonia glochidia remains 

unknown, I consider this an important topic to document here. Only one published assessment of 

L. holstonia host fish is available (Steg-Geltner, 1998), and while an extensive analysis of L. 

holstonia glochidia was not provided, it appears that the glochidia of L. holstonia were 

considered to be immature due to closing slowly after exposure to salt. Steg-Geltner (1998) 
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collected gravid females from the Middle Fork Holston River (Smyth County, VA) in October of 

1997. Based on the methods provided, glochidia that responded to the laboratory salt test by 

closing slowly were deemed to be immature glochidia. Based on the results I presented here, it is 

highly likely that the female L. holstonia from the Middle Fork Holston collected in October 

were indeed gravid, and the slow closing nature of their glochidia was an innate behavior and not 

an indication of their immaturity. I assessed glochidia collected from females during the entirety 

of their reproductive period (September – April) from multiple populations of L. holstonia in 

Virginia and Tennessee, and glochidia responded with the same slow-closing pattern when 

exposed to table salt. I also had a high propagation success rate for these slow-closing glochidia, 

producing hundreds of juveniles (Table 1), further indicating that the glochidia were likely 

mature. Considering the imperiled status of L. holstonia across its range, incorrectly identifying 

glochidia of this species as immature could result in the disposal or misuse of viable glochidia, as 

they do not appear to respond to the standard laboratory salt test in the same pattern as other 

mussel species. Therefore, I encourage future propagation efforts not to consider a slow-closing 

glochidia pattern as an indicator of immature or non-viable glochidia, but rather a potential trait 

of this species.  

While there appears to be a difference in glochidia size between populations, I must note that 

the sample size in my study is small. I assessed two individuals from each population, which was 

consistent with other glochidia-measurement assessments which used between two and four 

individuals (O’Brien et al. 2019). Given the state endangered (VA) and threatened (TN) status of 

L. holstonia, I was hesitant to remove too many gravid females from any population, particularly 

when I was only able to collect a few gravid females in total from certain populations. For 

example, I collected fewer than a dozen gravid females throughout nearly two years of surveying 
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the Ocoee River Basin (see Chapter 2). While glochidia extracted and measured for this 

assessment were used to identify host fishes in this Chapter, the general uncertainty around 

which fish species would be successful hosts meant that I was unwilling to utilize large numbers 

of gravid females for potentially low juvenile production. Further, I only collected gravid 

females for this study once from each population, regardless of if I encountered more gravid 

females during a later site visit. It is possible that collections during a different year or at a 

different time of the reproductive season would yield varying glochidial measurements. Previous 

research indicates that the within-population variation in the size of glochidia is fairly low 

(Kennedy and Haag 2005), so while a larger sample size or multi-year sampling would likely be 

beneficial for further analysis, I suspect that I achieved an accurate representation of glochidial 

size in these populations. Now that I have a better understanding of which fish are hosts for L. 

holstonia, I recommend continued collection of glochidia measurements during future fish 

infestation studies and propagation efforts.  

Identification of fish hosts 

My data on glochidial transformation success suggest that Eastern Blacknose Dace and 

Banded Sculpins may be the preferred hosts for L. holstonia. However, Central Stoneroller may 

be an important host for L. holstonia as well. While Fantail Darter serves as a host-fish for L. 

holstonia, its smaller size may limit the number of L. holstonia glochidia that can attach to the 

fish without harming the host. Like many anodontine species, L. holstonia has relatively large 

glochidia with hooks for attachment. As only nine Fantail Darters were used in this study, it is 

possible that the number of juveniles produced on these fish was limited by sample size. It is 

possible that I would have had more juveniles produced by Fantail Darter if I had enough 

individuals to have a total body mass comparable to those of other fish species.     
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Similar to Steg-Geltner (1998), while I was able to successfully transform L. holstonia 

juveniles using Rock Bass as a host, I did not have great success, with only nine juveniles 

produced from two fish. Steg-Geltner (1998) produced one juvenile L. holstonia from three Rock 

Bass using glochidia from the Middle Fork Holston River (Smyth County, VA). I used glochidia 

from mussels in the South Fork Clinch River, which is a site largely populated by both L. 

holstonia and Rainbow Mussel (Cambarunio iris). Cambarunio iris is a common, hardy mussel 

species with a ubiquitous distribution throughout eastern North America. This species primarily 

uses Rock Bass as a host fish (Watters 1994), and since this species co-occurs with the mussels 

that I used for this study and both species reproduce at the same times, it is possible that the 

South Fork Clinch River L. holstonia have adapted to primarily utilize a different host fish than 

C. iris. Alternatively, it is possible that the Rock Bass is not a primary host for L. holstonia, but 

is occasionally infested opportunistically. As C. iris uses a specialized mantle lure to attract its 

host fish, Rock Bass may be drawn to the area where L. holstonia is residing near C. iris. When a 

Rock Bass attacks the C. iris lure mantle and is inundated with glochidia, any erratic movements 

from the Rock Bass may put them in contact with the large glochidia of L. holstonia waiting on 

the sediment surface. Alternatively, centrachids, like Rock Bass, are generally considered to be a 

suitable host for many different mussel species (Strayer 2008), though the mechanism for their 

ubiquitous success is unknown. Thus, it is possible that the low transformation success observed 

by both Steg-Geltner (1998) and myself was due more to the general suitability of centrachids as 

host fish in general, rather than a tight host-mussel relationship. It is also possible that my overall 

infestation numbers were low on Rock Bass. While I did observe attachment of juveniles to the 

fins and skin of the Rock Bass, I did not do a post-mortem infestation count, and Steg-Geltner 

(1998) did not have available encystment estimates for this species. To improve glochidia 
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attachment, I used the eye-dropper method suggested by Tim Lane (Virginia Department of 

Wildlife Resources, personal communication), but I still may not have reached as high of a level 

of infestation as I did with species like the Banded Sculpin.  

Host-fish identification provides important input for the development of species distribution 

models and direction of conservation efforts for L. holstonia. The host-mussel relationship is 

generally underdiscussed in mussel conservation efforts, but this relationship is vital to 

conservation efforts, as decreases in host fish populations will likely negatively impact mussel 

populations (Modesto et al. 2018). Knowledge of host-fish distributions will be important for 

determining the preferred habitat of L. holstonia and may help improve laboratory propagation 

methods. The host fish species that I assessed here all co-occur with L. holstonia, at least in 

southwestern Virginia (Beaty and Ostby 2010, reports D-G; Beaty and Ostby 2011, reports B-C, 

J-K). Other potential fish hosts documented as co-occurring with L. holstonia in southwestern 

Virginia include Tennessee Snubnose Darters (Etheostoma simoterum), Chubs, and Tennessee 

Shiners (Paranotropis leuciodus; Beaty and Ostby 2010E; G; Beaty and Ostby 2011J; K). Steg-

Geltner (1998) also identified the Striped Shiner (Luxilus chrysocephalus) and Warpaint Shiner 

(Luxilus coccogenis) as potential hosts, though I am unaware of additional investigations into 

their host status for L. holstonia. 

Burrowing behavior 

Throughout my site visits, I encountered 57% of the 30 line-marked mussels at the South 

Fork Clinch River site during repeat visits, although only 23% of them were buried. Of the 8 

line-marked mussels at the Cloud Branch site, I encountered 100% of mussels during repeat 

visits, and all were buried during at least one site visit. With the exception of the final July 16, 

2020 site visit when few mussels were collected (Chapter 2), the lowest collection rate I had for 
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the Cloud Branch site was 38% on the January 8, 2020 site visit. The highest collection of lined 

mussels at the Cloud Branch site was 88% during the first site visit on September 4, 2019. 

During the last two sampling visits at the South Fork Clinch River site, I collected only four 

(November 11, 2019) and three (July 8, 2020) line-marked mussels. While it is possible that the 

addition of the line could have contributed to mortality of lined mussels, I did not observe high 

levels of mortality (via dead mussels) of my tagged mussels at either site (see Chapter 2), though 

it is possible that deceased mussels could have been displaced downstream without being 

accounted for. Further, line-marked mussels collected during later site visits appeared healthy 

and were burrowing, indicating that the addition of the line was not affecting mussel health. I 

hypothesize that one of the reasons that I encountered very few of my line-marked mussels at the 

South Fork Clinch River site during repeat visits was due to the drought conditions and the 

shifting substrate observed at that site. While water levels and precipitation levels were generally 

low during the summer and fall months of 2019, the air temperatures were very warm well into 

the fall. Considering that I observed that sediment temperatures were generally cooler and less 

variable during the warmer months of the year at these two sites (see Chapter 3), it is possible 

that my mussels buried past the 30 cm of line and evaded detection, especially in the very soft 

sediments located near the river banks at both sites. Unlike the South Fork Clinch River site, 

where I observed changes in sediment composition and evidence of high flow rates throughout 

the sampling period, I did not observe these changes at the Cloud Branch site until my July 16, 

2020 visit, likely contributing to the greater recovery of the line-marked mussels. Cloud Branch 

is a smaller stream than the South Fork Clinch River, and the portion of the South Fork Clinch 

River that I was sampling is prone to rapid increases in flow during precipitation events, despite 

mitigating river modifications. It is possible that high flow rates during precipitation events 
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flushed line-marked mussels downstream at the South Fork Clinch River site, thus preventing me 

from encountering them during subsequent sampling events. 

Further, although the line-marked mussels were PIT-tagged, the large number of PIT tags at 

the South Fork Clinch site and the small to medium rocks in the sediment may have influenced 

my detection abilities. In previous surveys, malacologists have noted lower or inaccurate PIT tag 

detection when there are many PIT-tagged mussels in the area. (Tim Lane and Brian Watson, 

VDWR; personal communication). I also observed the displacement of the PIT-tag signal during 

my final visit to the Cloud Branch site in July 2020. During this visit, the PIT tag reader 

indicated the presence of a PIT-tagged mussel; however, the mussel was located approximately 

0.30 m downstream from the signal. It is important to note that a severe storm had moved 

through this site prior to the visit, and much of the silt and sand from the substrate surface had 

been displaced, leaving many small to medium rocks while also likely flushing most mussels 

downstream. Thus, high stream discharge may have contributed to the displaced PIT tag signal. 

In total, I located mussels buried ≥ 20 cm deep five times during two (September 4, 2019 and 

November 21, 2019) of my visits to Cloud Branch. Further, I continuously located nearly every 

line-marked mussel during each 2019 visit, indicating that the mussels were not removed from 

the location. Given the soft sediments and low flow of Cloud Branch, it is possible that the 

mussels at this site were capable of burying > 30 cm into the sediments, and may have avoided 

my detection.  

At the South Fork Clinch site, line-marked mussels were collected buried up to 8.5 cm into 

the sediment. Of the 32 times that I encountered a line-marked mussel during my site visits; 

mussels were unburied 25 times. This behavior is in contrast to observations at the Cloud Branch 

site, where I encountered line-marked mussels 22 times, half of which were buried. Of the days 



31 

 

that I visited the South Fork Clinch River site, it is likely I observed more mussels unburied and 

near or at the sediment surface because L. holstonia was likely reproducing during those times, 

with the exception of the July 8, 2020 visit. Based on data presented here and in Chapter 2 of this 

dissertation, it appears that L. holstonia spawning and fertilization occur in middle to late August 

through early September, and that female L. holstonia remain gravid from September through 

March or April. As described in Chapter 2, I observed an increase in the number of previously 

uncollected and gravid individuals during both my September 19, 2019 and October 11, 2019 

site visits, likely corresponding with the spawning period for this species. While I did observe an 

increase in the number of mussels collected during these same months while visiting the Cloud 

Branch site, my October 3, 2019 visit was the only visit in 2019 where I did not collect any 

buried mussels, but I also did not collect any gravid mussels at this site until the visit on January 

8, 2020. One explanation for this could have been the extreme temperatures experienced in this 

region during the fall of 2019. During my site visit on October 3, 2019, local air temperature was 

recorded at 34°C, and the water temperature measured at Cloud Branch (Chapter 3) did not vary 

greatly from previous weeks’ temperatures. Therefore, it may have simply been too hot to effect 

thermal reproductive cues in this population.  

Aside from reproduction, burrowing behavior would be affected by temperature, food and 

oxygen availability, physiological limits, and time between site visits. After my initial 

experiment set-up, I did not revisit each site for ~6 weeks. During the site visit following the 

initial set-up, I observed the furthest burrowing differences, up to 30 cm. With the exception of 

the final site visits to each site in July 2020, all other site visits were closer to four to five weeks. 

Unfortunately, COVID-related travel restrictions during March 2020 prevented me from being 

able to access the field sites until July 2020, at which point both the South Fork Clinch River and 
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Cloud Branch site had experienced high flow rates and flooding (Chapter 2), and at least some 

mussels clearly had been displaced. If I had been able to survey in March 2020 as intended, it is 

possible that I would have observed line-marked mussels re-burying following the conclusion of 

their reproductive period. 

While I did return each mussel collected to the site after each survey, it is possible that the 

mussels were not energetically capable or willing to resume their previous burrowing activity. I 

did observe many buried mussels (both line-marked or not) at each site, I also observed many 

mussels at or near the sediment surface during each visit (see Chapter 2 for more details). This 

observation suggests that burrowing to 20+ cm may not be a constant physiological requirement 

for this species, but may be a behavioral preference during non-reproductive times or when water 

temperatures are warmer. As documented in Chapter 3, sediment temperatures were generally 

cooler than in-stream temperatures and were frequently less variable. It is possible that L. 

holstonia are finding thermal refuge by burying into the sediments during warm summer months. 

I note that when the burrowing assessment was initiated at the South Fork Clinch River site on 

June 26, 2019, I did not collect many mussels that had been previously tagged during an April 

2019 visit to this site. I did, however, re-collect many of those April 2019-tagged mussels during 

the September and October visits (see Chapter 2), indicating that they may have been buried 

deep enough in the sediments during the warm summer months that they avoided detection at 

that time. If I had been able to continue to track these mussels during the warmer summer 

months, it is possible that I would have observed more mussels buried deeply in the sediments 

more frequently. Likewise, at the Cloud Branch site, it is possible that I observed so many deeply 

buried mussels during my September 4, 2019 visit because of the extremely hot and dry summer 

that year. If July and August of 2019 had not been as hot and dry, it is possible I would not have 
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observed so many deeply buried mussels at this site. Alternatively, because the South Fork 

Clinch River site was prone to high flows and sediment removal, even if the mussels were 

attempting to bury, the lack of available soft sediments prevented them from doing so, or 

prevented the mussels from burrowing to great depth. 

I observed burying of mussels 20–30 cm into the sediment throughout this project. While it is 

possible that mussels were buried slightly horizontally in the sediments rather than straight 

vertically down, every effort was made to ensure that the fishing line was followed along its path 

when recording mussel burying depth. Even if there was some discrepancy in the vertical 

burrowing of these mussels compared to some horizontal movement, the fact remains that they 

are capable of burrowing to a depth in the substrate where detection becomes difficult. Based on 

my observations of the habitat and mussel recovery at these sites, burrowing more than 8–10 cm 

into the sediment was likely enough to avoid detection during mussel collections at the sediment 

surface, and re-enforces the need to consider mussel burrowing capabilities when surveying and 

managing L. holstonia populations.   

Length and age structure 

Based on my age estimates, L. holstonia from the South Fork Clinch River can live up to 20 

years old (Table 4). This was not the case for the Ocoee Basin mussels, where the maximum age 

that was estimated for L. holstonia individuals was 9 years old. There are multiple possible 

explanations for this difference. First of all, my sample sizes were small, especially for older 

individuals. I assessed age for only fifteen individuals from the South Fork Clinch River and 

fourteen individuals from the Ocoee River Basin. If I was able to expand the sample size, it is 

possible that I would have observed more older individuals. Freshwater mussel field surveys can 

be biased by collection methods against certain sizes and ages. For most, if not all species, I 
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would expect very few young (<2 years) individuals to be collected alive during surface surveys 

due to their small size and burrowing tendencies (Hornbach and Deneka 1996). This is especially 

important considering that I collected all mussels and shells for this study via hand collection at 

and just below the sediment surface, rather than using collection techniques that involve 

excavating or sieving the sediments. While sediment excavation would likely have resulted in me 

encountering more young mussels, excavating the sediments may have destroyed the loose 

sediments that L. holstonia prefers (Smith et al. 2000), and previous attempts to locate this 

species using excavation survey methods collected few individuals (Beaty and Ostby 2010 

reports E-G). I would also expect to locate very few shells from deceased young individuals, as 

the small shell would either remain buried deep in the sediments or would be easily displaced 

downstream.  

Alternatively, it may be difficult to locate older individuals, as individuals that exceed the 

average life span may already be rare in the population, and may no longer be reproducing, and 

thus may no longer be following predictable yearly burrowing/surfacing patterns for 

reproduction. While senescence is still an unresolved topic in freshwater mussels, research 

suggests that the marine mussel Mytilus edulis undergoes senescence with age, with a decrease in 

the proportion of normally developing embryos dropping for 100% to 60% in female mussels 

aged 2–10 years old (Sukhotin and Flyachinskaya 2009). Given the shorter age span of L. 

holstonia compared to other freshwater mussel species (30+ years), the ability of mussels to 

undergo senescence may provide important early insights into whether or not a population is 

reproducing at a rate conducive to population maintenance or growth based on the size and age 

of the mussels in the population. I recommend continued documentation of size and gravidity of 

L. holstonia during headwater surveys to further elucidate potential population concerns. I also 
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recommend the collection and recording of shell from deceased L. holstonia, ideally to be used 

in future age assessments. Given that this species is imperiled throughout its range and the fact 

that I documented the decline or disappearance of multiple historical L. holstonia populations 

(Chapter 2), collecting spent shell offers a means of improving our understanding of the 

differences in age structure between populations of the species without sacrificing living 

individuals. 

For the Ocoee basin mussels, there is evidence that populations of L. holstonia in this portion 

of Tennessee are likely prone to frequent displacement events followed by rapid recolonization 

(see Chapter 2). While I surveyed only one population of L. holstonia in the Ocoee River basin 

consistently (see Chapter 2), I observed evidence of two separate displacement and 

recolonization events, each following what likely constituted spring rain events. During my visits 

after these displacement events, I was unable to locate any previously tagged individuals from 

my study site, and I observed displaced sediments, vegetation, and rock structures, indicating 

high flows in the areas. It is possible that I was unable to collect shells from older individuals 

from the Ocoee River Basin simply because the individuals frequently become displaced 

downstream. While the South Fork Clinch River also experiences high flow rates, habitat 

modifications such as bank stabilization and tree planting have been established to help prevent 

high flow rates at this site. Alternatively, the area where L. holstonia were collected from in the 

South Fork Clinch River is a bend in the river, which likely serves as a flow refuge (Stayer 1999) 

for this species, and helps prevent older individuals (and their shells) from being displaced 

downstream, despite the potential for high flow rates in the area. Further, it is possible that the 

mussels in the Ocoee River basin simply do not tend to live as long as mussels from the South 

Fork Clinch River. It is also possible that items suspended in the waterflow in the Ocoee River 
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Basin do not meet the nutritional needs for L. holstonia growth and maintenance; however, the 

specific nutritional needs of this species remain unknown. Further, I am unaware of any long-

term water quality assessments for either site, though given the urban location of the Virginia L. 

holstonia site and the run-off from nearby roadways documented by landowners, collecting 

baseline water quality metrics from known L. holstonia sites may inform future management 

plans for this species.  

The von Bertalanffy growth curve estimates for each site indicated growth coefficients (k) of 

0.462 (South Fork Clinch River) and 0.457 (Ocoee River Basin). These growth coefficients are 

lower or higher for L. holstonia when compared to other anodontine mussel species (range 0.207 

– 0.659; Haag and Rypel, 2011). Interestingly, my estimates for L. holstonia growth coefficients 

are closest to those determined for Alasmidonta viridis, a species documented to occasionally co-

occur with L. holstonia (Virginia Department of Wildlife Resources). Haag and Rypel (2011) 

estimated a growth coefficient of 0.417 for A. viridis, which is very similar to my growth 

coefficient estimates. Further, L∞ estimates for A. viridis were 34.6, which was slightly less than 

the 43.53 (South Fork Clinch) and 39.19 (Cloud Branch) for L. holstonia that I estimated here. 

Aside from also occurring in small, cool headwater streams, A. viridis has a similar life-history 

as L. holstonia (long-term brooder) and has an estimated lifespan of approximately 30 years 

(Virginia Department of Wildlife Resources). Growth coefficient estimates for mussels with 

longer lifespans and greater achievable shell lengths have generally been reported as much 

smaller, as low as 0.023 in the slow-growing and very long-lived Margaritifera margaritifera 

(Hastie et al. 2000).  Therefore, it appears that my estimates for the growth co-efficients of two 

L. holstonia populations are consistent with a similar mussel species, though estimates for both 
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species were calculated with a small sample size (14 – 15 L. holstonia and 7 A. viridis) from only 

one (A. viridis) or two (L. holstonia) populations.  

Management 

With impending threats from anthropogenic activities on vulnerable freshwater ecosystems, 

it is imperative that managers establish baseline population management practices for 

understudied imperiled species. The management community cannot accomplish this without 

understanding the basic biology, behavior, and life-history of a species. As a headwater species 

that is often the only mussel resident in small streams, L. holstonia has been understudied 

throughout its range. In fact, there is still significant ambiguity in the relationship between L. 

holstonia, L. etowaensis, and the Barrens Heelsplitter (Lasmigona spp.), with this undescribed 

Lasmigona spp. being distinguished as a potentially different species just within the last decade 

(Williams et al. 2017). Genetic and shell morphology analyses may provide more distinction 

between these species. 

Information presented in this Chapter will be useful for the propagation, monitoring, and 

management of remaining L. holstonia populations. While no longer a candidate for federal 

listing (U.S. Fish and Wildlife Service, 2023B), L. holstonia remains endangered in North 

Carolina (ncwildlife.org) and Virginia (dwr.virginia.gov). This species is of conservation 

concern throughout the rest of its range, with both Georgia (georgiabiodiversity.org) and 

Tennessee (tn.gov) considering L. holstonia to be very rare and imperiled, and Alabama 

(outdooralabama.com) considers it a species of high conservation concern. During the course of 

these assessments and those presented in Chapters 2 and 3 of this dissertation, I observed mild to 

extreme habitat alterations, evidence of intense flooding, and suggestions that L. holstonia 

populations are prone to frequent displacement and subsequent re-colonization events. 
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Unfortunately, I also observed that many of the historical populations of L. holstonia are either 

diminishing or no longer present. Thus, it is imperative that data and techniques supporting the 

management and propagation of L. holstonia are developed before the last known robust 

populations are lost. Here, I have presented data on the differences in glochidial size between 

populations of L. holstonia and the undescribed Barrens Heelsplitter, host fishes for L. holstonia, 

burrowing behaviors, and population growth coefficients and age structures of L. holstonia from 

reproducing populations in Tennessee and Virginia. These data will provide important metrics 

for monitoring these populations, establishing best management practices, and developing 

successful propagation methods.   

Finally, I recommend that state resource managers and propagation laboratory managers 

invest in moving unpublished L. holstonia surveys and propagation information into an online 

and accessible format. For this dissertation, I acquired a large portion of my background data 

through personal communications with mussel biologists across the southeastern United States. 

Much of the data that I accessed was unpublished “grey literature” and was confined to the state 

or laboratory that the data was collected in. Given the lack of federal protections for this species 

and the overall deficiency of published research, even small surveys or observations can help 

expand our knowledge of this understudied species. Lasmigona holstonia represents a significant 

management need for all of the states within its range, and having data lost to “grey literature” 

exacerbates the management challenges that mussel managers already face. As we move into a 

time of uncertainty for federal species protections and expanding concerns surrounding global 

climate change and environmental degradation, having as much information as possible available 

for this vulnerable species could prove vital to future conservation plans.  
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Further considerations 

As ecologists, one of the most important questions that needs to be considered when 

evaluating a species is why a given species prefers a certain habitat. Factors that pertain to 

determining habitat needs include predation, competition, access to resources, and physiological 

constraints (e.g., temperature, salinity requirements, and oxygen availability). These factors are 

not necessarily easy to determine, but investigations into the life history of each species can 

elucidate why populations are located where they are. A slightly more difficult question to 

address is why a species does not occur in a given location. However, the more intricate 

questions would be “why does this freshwater mussel live in this stream, but not this other 

stream?”, answers to which are more difficult to determine. Here, I attempted to explain why a 

headwater species, L. holstonia, is exclusively located in small, headwater streams, despite the 

fact that co-occurring species like C. iris occur in both headwaters and mainstem rivers. Further, 

I discussed reasons why L. holstonia seemingly occurs where it does, and why it does not occur 

elsewhere based on the basic biology, behavior, and life-history of this species. 

When considering where a mussel species will or will not occur, stream sediments are one of 

the first physical stream characteristics that should be considered. During my surveys of the L. 

holstonia populations reported here and in Chapters 2 and 3 of this dissertation, one of the 

consistent sediment characteristics that I observed was the presence of very soft, silty sediments 

in stream segments where L. holstonia was most abundant. These sediments appear to be able to 

withstand the generally lower flows of these headwater streams, although visits to sites following 

severe storms showed that the soft sediments were occasionally displaced. In larger river orders, 

flows are generally too large to allow accumulation of soft, silty sediments. I’ve shown in this 

study and in Chapters 2 and 3 of my dissertation that L. holstonia prefer to live in these softer 
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sediments, and are capable of burrowing up 30 cm or more into the sediments. This behavior is 

likely beneficial for maintaining an individual within physiological limits, as data presented in 

Chapter 3 show that the sediments are often 1–3 °C cooler than the surface stream temperature 

and the water temperatures in the sediments are less variable. As the rates of physiological 

processes of ectotherms are dictated by water temperature, the ability to bury deep into these soft 

sediments allows L. holstonia to maintain physiological limits while living in coolwater and 

warmwater streams that are prone to extreme flooding during precipitation events and low water 

levels during periods of drought.  

Further, I have stated that L. holstonia prefers to live in the soft sediments of these small, 

cool, headwater streams for reproductive purposes. While propagating juvenile L. holstonia for 

this dissertation project (Chapter 3), I observed that L. holstonia releases glochidia in semi-long, 

mucus strings that sink to the bottom of the holding container. I suspect that these glochidia 

would also sink and rest on the surface of these soft sediments instream. When the preferred host 

fish for L. holstonia rests in the sediments, it is exposed to these large, hooked glochidia, which 

shut cautiously to ensure proper host fish attachment and pierce through the tougher fish tissues. 

Understanding the unique habitat preferences and life-history of L. holstonia are vital to 

developing appropriate species management plans and determining the listing needs of this 

species. Future research into why L. holstonia prefers the unique habitat it resides in can also 

contribute to the development of species distribution models, which may provide useful insights 

into which small, headwater streams should be surveyed for this species and expand knowledge 

on the true range of L. holstonia. 
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Table 1. Results of induced infestations on selected fish hosts using glochidia of Lasmigona holstonia. Days-to-transformation reports the first day and last 

day when juveniles excysted from a fish host. The peak day when most juveniles were excysted was between 11 and 18 days post-infestation. Temperature is 

the mean water temperature in the aquaria where fish were held. 

  

Fish species Common name 
No. fish 

tested 

No. fish 

alive 

Time 

(d) 

Juveniles 

recovered 

Days to transformation 

first day (peak) last day 
Temperature (oC) 

Centrarchidae 

   Ambloplites rupestrisa 
Rock Bass 2 2 20 9 13 (14–16) 20 20.0 

Cottidae   

   Cottus carolinae b 
Banded Sculpin 22 22 23 1490 9 (12–14) 24 20.0 

   C. carolinae c  9 9 23 780 11 (15–18) 25 19.0 

   C. carolinae d  9 9 23 1124 11 (15–18) 25 19.0 

Cyprinidae   

   Campostoma anomalumb 
Central Stoneroller 25 25 22 564 8 (11–13) 18 20.0 

   C. anomalumc  12 12 24 504 12 (13–15) 22 19.0 

   C. anomalumd  12 11 24 661 12 (13–15) 22 19.0 

   Rhinichthys atratulusb 
Eastern Blacknose 

Dace 
1 1 22 71 11 (12) 18 20.0 

   R. atratulusa  12 12 20 73 13 (15–16) 20 20.0 

Percidae 

   Etheostoma flabellare b 
Fantail Darter 9 9 21 115 8 (11–13) 18 20.0 

a Fish were infested for 1 hour with glochidia from 1 gill each from 3 mussels from the South Fork Clinch River (Tazewell County, VA) on January 28, 2020. 
b Fish were infested for 1 hour with glochidia from 1 gill each from 3 mussels: 1 each from Johnson Branch (Clinch River, VA). Crab Orchard Creek                        

 (New River, VA), and Cloud Branch (Ocoee River, TN) on 3 December 2018.  
c Fish were infested together for 1 hour with glochidia from 1 gill from 1 mussel from Crab Orchard Creek, New River, VA on 11 February 2019. 
d Fish were infested together for 1 hour with glochidia from 1 gill of 1 mussel from Cloud Branch, Ocoee River, TN on 11 February 2019. 

 

 

 

 

https://www.google.com/search?rlz=1C1SFXN_enUS498US499&q=Cyprinidae&stick=H4sIAAAAAAAAAONgVuLQz9U3MDLKKl7EyuVcWVCUmZeZkpgKAAaOjAEZAAAA&sa=X&ved=2ahUKEwjC18Sx9avnAhUygnIEHSubAuwQmxMoATAUegQIDBAK


49 

 

Table 2. Summary of glochidia shell measurements from five populations of Lasmigona holstonia in Virginia and Tennessee and one population of the undescribed Lasmigona 

species (unofficially called the Barrens Heelsplitter, denoted by an asterisk) in Tennessee.  The range of measurements is in parentheses. Distinctions of glochidial shell 

measurements are shown in Figure 1. Measurements are based on glochidia measurements from 1 female. Eleven to twelve glochidia were measured for each female, and results 

were averaged for both females from each population.   

River 

River 

basin State Coordinates Individual 

Female 

length 

(mm) 

Glochidia 

count 

Average 

height (µm) 

Mean height 

across river 

basin (µm) 

Average 

width 

(W1; µm) 

Mean width 

across river 

basin (W1; 

µm) 

Average 

hinge width 

(W2; µm) 

Mean 

hinge 

width 

across 

river basin 

(W2; µm) 

South Fork 

Clinch  
Clinch VA 

37.12580,      

-81.4869 

1 44 11 
265 

 (250–280) 263.5  

(245–285) 

278 

(250–290) 277 

(255–290) 

* 

* 

2 40 11 
262  

(240–290) 

276 

(260–290) 
* 

Johnson 

Branch 
Clinch VA 

37.15920,      

-81.5418 

1 36 12 
251  

(210–270) 260.5  

(235–275) 

271 

(190–290) 280.5  

(235–295) 

157 

(140–190) 153.5 

(140–175) 
2 36 12 

270  

(260–280) 

290 

(280–300) 

150 

(140–160) 

Crab 

Orchard 
New VA 

37.10025,      

-81.1208 

1 42 12 
287  

(270–310) 283.5  

(270–300) 

290 

(270–300) 293.5  

(280–300) 

182 

(150–210) 180  

(155–205) 
2 46 12 

280  

(270–290) 

297 

(290–300) 

178 

(160–200) 

Beech 

Creek 
Holston TN 

36.39377,      

-82.8475 

1 40 11 
262  

(240–280) 266.5  

(250–285) 

274 

(250–300) 278.5  

(255–300) 

147 

(120–180) 146  

(120–175) 
2 42 11 

271  

(260–290) 

283 

(260–300) 

145 

(120–170) 

Cloud 

Branch 
Ocoee TN 

35.12339,      

-84.6502 

1 33 12 
297  

(290–300) 295  

(290–300) 

292 

(280–300) 288.5  

(270–305) 

228 

(210–250) 218  

(200–235) 
2 32 12 

293  

(290–300) 

285 

(260–310) 

208 

(190–220) 

Pocahontas 

Branch* 

Barrens 

Fork 
TN 

35.3811,        

-86.0223 

 

1 35 12 
285  

(250–310) 285.5  

(260–305) 

273 

(200–300) 274.5  

(235–295) 

156 

(140–170) 149.5 

(130–165) 
2 37 12 

286  

(270–300) 

276 

(270–290) 

143 

(120–160) 
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Table 3. Results of an ANOVA comparing the height, width, and hinge width of glochidia from five 

populations of Lasmigona holstonia in Virginia and Tennessee and one population of the undescribed 

Lasmigona species (unofficially called the Barrens Heelsplitter) in Tennessee. Distinctions of glochidial 

shell measurements are shown in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 df F p 

Height (µm) 5 32.09 <0.001* 

Width (W1; µm) 5 5.63 <0.001* 

Hinge width (W2; µm) 4 73.68 <0.001* 
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Table 4. Age estimates of shells used to determine population age structure of Lasmigona holstonia from two 

populations. Fifteen mussels were aged from the South Fork Clinch River, Tazewell County, VA and fourteen 

mussels were aged from the Ocoee River Basin, Polk County, TN.   

Population Age (years) Count 

South Fork Clinch River, VA 4 1 

 6 2 

 7 1 

 8 2 

 9 1 

 10 1 

 11 1 

 12 2 

 13 1 

 14 1 

 18 1 

 19 1 

Total n/a 15 

Ocoee River Basin, TN 3 3 

 4 3 

 5 7 

 9 1 

Total n/a 14 
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Figure 1. Shell height (H) and width (W) measurements for glochidia of Lasmigona holstonia. Width (W1) 

is the widest distance across the shell and Width 2 (W2) is the width of the hinge of the glochidial shell. 

 



53 
 

 
 

Figure 2. A: South Fork Clinch River at the Lasmigona holstonia capture-mark-recapture site in 

Tazewell County, VA. Photo taken on November 11, 2019. B: Cloud Branch at the Lasmigona holstonia 

capture-mark-recapture site in Polk County, TN. Photo taken September 4, 2019. 
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Figure 3. A: Lasmigona holstonia individual with a Hallprint tag, PIT tag, with fishing line attached. B: Tagged L. 

holstonia collected on September 19, 2019 from the South Fork Clinch River, Tazewell, VA. Hallprint tags, PIT 

tags and line were able to withstand stream conditions for three months. C: Fishing line visible during initial mussel 

deployment. D: Fishing line visible on a mussel buried 20 cm in Cloud Branch, Polk County, TN. 
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Figure 4. Burrowing depth (cm) of seven tagged and line-marked adult Lasmigona holstonia in 

the South Fork Clinch River, Tazewell County, VA. Thirty mussels were collected and affixed 

with line on June 26, 2019, and the population resurveyed on August 15, September 19, October 

11, and November 11, 2019 and July 8, 2020. Different-colored bars indicate different tagged and 

line-marked mussels (tag number in legend). Of the thirty line-marked mussels, seventeen were 

encountered during subsequent visits, but only seven were collected buried in the sediments. 

While line-marked mussels were collected during each site visit, they were at the sediment 

surface, and thus are not represented in the figure. All mussels collected at the sediment surface 

were given a '0 cm' burrowing depth and are not represented in this figure.  
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Figure 5. Burrowing depth (cm) of eight tagged and line-marked adult Lasmigona 

holstonia in Cloud Branch, Polk County, TN. Mussels were collected and affixed with line 

on July 16, 2019, and this population was resurveyed on September 4, October 3, and 

November 21, 2019, and January 8, 2020. Different colored bars indicate different tagged 

and line-marked mussels (tag number in legend). Mussels collected at the sediment surface 

were given a '0 cm' burrowing depth and are not represented in this figure. While line-

marked mussels were collected on October 4, 2019, and January 8, 2020, they were at the 

sediment surface, and thus are not represented in the figure. Data from my final site visit on 

July 15, 2020 is not included, as no lined mussels were collected during this visit.    
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Figure 6. Estimated population age structure of Lasmigona holstonia from the South Fork Clinch River (Tazewell 

County, VA). Each marker (black dot) represents one length (mm) at age (years) measurement. The straight line 

represents the von Bertalanffy growth estimate. Dotted lines represent the upper and lower confidence interval 

(95%). Parameters for the von Bertalanffy growth estimate are: L∞ = 43.53, k = 0.462, and t0 = 0.635.   
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Figure 7. Estimated population age structure of Lasmigona holstonia individuals from the Ocoee River Basin (Polk 

County, TN). Each marker (black dot) represents one length (mm) at age (years) measurement. The straight line 

represents the von Bertalanffy growth estimate. Dotted lines represent the upper and lower confidence interval 

(95%). Parameters for the von Bertalanffy growth estimate are: L∞ = 39.19, k = 0.457, and t0 = 0.518.   
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Chapter 2 

Long-term Monitoring of the Imperiled Lasmigona holstonia Suggests 

Frequent Habitat Modification and Re-colonization in Hydrologically 

Variable Headwater Streams 

Abstract 

The Tennessee heelsplitter (Lasmigona holstonia) is listed as a state endangered species in 

Virginia and was previously a candidate for listing under the U.S. Endangered Species Act.  Due 

to its preference for small 1st and 2nd order headwater streams, L. holstonia is rarely directly 

surveyed for during long-term monitoring programs. To estimate population sizes for L. 

holstonia, I conducted a one-year capture-mark-recapture surveys in the South Fork Clinch 

River, Tazewell County, VA and in Cloud Branch, Polk County, TN, which host two of the 

larger remaining populations of this species. Mussels were first captured and tagged in June and 

July of 2019, and then both sites were re-visited five times between August 2019 and July 2020.  

At the South Fork Clinch River site (50 m length, 4 m width, 200 m2 area), 60 mussels were 

initially tagged, and an additional 117 mussels were collected and tagged during later visits. At 

Cloud Branch (50 m length, 1-3 m width, 100 m2 area), 43 mussels were initially tagged, and an 

additional 42 mussels were subsequently collected and tagged.  Recapture rates ranged from 21–

48% at South Fork Clinch River and 26–56% at Cloud Branch.  In general, more mussels were 

collected during the fall at both sites, likely due to mussels surfacing for reproduction. I 

estimated a population of 188±0.007 mussels (0.84 mussels/m2) at the South Fork Clinch River 

site and 86±0.015mussels (0.84 mussels/m2) at the Cloud Branch site. During the final visit to 

both sites, evidence of high flows and sediment scouring were observed, likely displacing 

mussels downstream and contributing to the low recovery rate at Cloud Branch. Evidence of 

high stream flows, loss of sediment and vegetation, and pollution from anthropogenic sources 

was documented at capture-mark-recapture sites and at other known L. holstonia streams 

throughout Virginia, indicating the variability and inconsistent streams in which L. holstonia 

resides. This study provides critical information on how the abundance of L. holstonia can be 

influenced by habitat modifications and indicates that populations of this species may be prone to 

loss and re-colonization events. These data will be important for designating preferred habitat for 

this species and will provide information needed for assessing future conservation needs.  

Keywords: Endangered, Demography, Population, Habitat modification, Re-colonization 
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Introduction 

Globally, while freshwater systems account for less than 3% percent of all water 

(Shiklomanov 1993), a disproportionate number of species reside in freshwater compared to 

marine and terrestrial systems. Aside from providing habitat for aquatic freshwater species, 

rivers, lakes, and streams provide an important source of water and food for terrestrial species. In 

addition to obtaining food, humans also use freshwater systems for power generation, water 

purification, waste treatment, and flood mitigation (Finlayson et al. 2018). Despite their 

importance, freshwater systems are suffering greatly from anthropogenic effects, including 

pollution, urbanization, deforestation, and global climate change, whose effects can be quite 

rapid (Malmqvist and Rundle 2002). In particular, small headwater streams are especially 

vulnerable to disturbance and can be easily influenced by activities locally (Meyer et al. 2007).  

Headwater streams represent a unique combination of physical and chemical microhabitats. 

Differences in vegetation cover and light create areas that are heavily shaded and others that are 

well lit. Headwater streams have different gradients, some steep, swift, and cold at higher 

elevations and others warmer, swampier, and meandering at lower elevations. There can be a 

consistent source of cold groundwater inflow for a headwater stream, or they can be intermittent 

and dependent upon regional precipitation (Meyer et al. 2007). The chemistry and geology of 

headwater streams contribute to their diversity, and the species that are present are reflective of 

both the stream itself and the surrounding environment and neighboring ecosystems (Williams et 

al. 1997). Further, headwater streams can act as a habitat refuge for species that may not thrive in 

larger systems by providing smaller and more benign environments with lower current and 

discharge (Dieterich and Anderson 2000). This high habitat heterogeneity often leads to high 

endemism of aquatic species (Meyer et al. 2007). Despite their importance, headwater streams 
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are vulnerable to human activity, including disturbances from agriculture, mining, deforestation, 

and urbanization, which all contribute to habitat degradation (Meyer and Wallace 2001). As 

many of these headwater systems are understudied (i.e., unmapped, unnamed, or undocumented), 

and many of these systems are located in remote areas or on private property that is difficult to 

access, the vulnerability of these streams is heightened, and reduction in the health of headwater 

streams contributed to degradation of downstream ecosystems (Meyer et al. 2007). 

One headwater species at risk is the Tennessee Heelsplitter (Lasmigona holstonia). This 

freshwater mussel species occurs in small headwater streams throughout the southern 

Appalachian Mountains of the southeastern United States in Alabama, Georgia, North Carolina, 

Tennessee, and Virginia (Parmalee and Bogan 1998; Williams et al. 2008). Currently, L. 

holstonia is listed as endangered in Virginia (dwr.virginia.gov). Across the rest of its native 

range, L. holstonia is considered imperiled in Tennessee and critically imperiled in Alabama, 

Georgia, and North Carolina (Parmalee and Bogan 1998). The headwater streams that L. 

holstonia inhabits are perennial streams with steady inflow of cool groundwater that often are 

heavily influenced by agriculture, and frequently are intersected by roads. Due to the heavy 

influence of agriculture on these streams, they are prone to bank erosion from livestock activity, 

eutrophication from fertilizers, and increases in algal production and water temperature from 

canopy removal. Further, because of their location in the headwater portions of the Appalachian 

Mountains, these streams frequently experience extreme flow events that lead to sedimentation, 

loss of bank vegetation, and movement of soft sediments, which is the preferred habitat for L. 

holstonia. These streams also face pollution, as L. holstonia streams experience run-off from 

nearby roads, which includes salt, oil, and heated rainwater draining off nearby impervious 

surfaces such as asphalt roads and parking lots (Daley et al. 2009; see Moss 2008 for review). 
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Some L. holstonia streams are in remote areas that are not fully connected to main sewer lines. In 

these rural areas, raw home waste is discharged into waterways by a process called straight-

piping. While plumbing upgrades of sewage-lines are ongoing, straight-piping into L. holstonia 

streams remains a problem throughout some areas of the southeastern United States (see 

Verrecchia 2018 for review).  

A literature search for L. holstonia shows that most published results for this species are 

presence-absence surveys, where L. holstonia was not the direct target of the surveys (e.g., 

Ferraro et al. 2009; Henley et al. 1999; Jones et al. 2001; Pinder et al. 2002). As streams where 

L. holstonia occurs may be difficult to locate, are often remote, and can be difficult to access, it 

is likely that these presence-absence surveys were not designed specifically to detect this species. 

As an endangered species in Virginia, surveys for and potential relocation of L. holstonia are 

required prior to the initiation of infrastructure projects. Aside from Virginia Department of 

Transportation surveys, to my knowledge, the largest and most extensive survey project was 

conducted in 2010 and 2011 for the Baptist Valley Sewer Line project in Tazewell County, VA 

(see Beaty and Ostby 2010, reports A–F; Beaty and Ostby 2011, reports A–P). During these 

surveys, any collected mussels were measured, documented, and relocated to comparable habitat 

outside of the construction zone. While an extensive survey, it was still impossible to survey the 

entirety of every possible L. holstonia stream. Further, these surveys were conducted over a 

decade ago, and some of the streams may have become further degraded during that time.  

Since few mussel species co-occur with L. holstonia in these headwater streams, this species 

is overlooked during many long-term mussel surveys. As a result, L. holstonia remains critically 

understudied. To date, much of the life history of L. holstonia remains undocumented, although 

investigations into the preferred host fish of this species determined that Banded Sculpin (Cottus 
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carolinae) and Rock Bass (Ambloplites rupestris) are hosts, and Striped Shiner (Luxilus 

chrysocephalus), Warpaint Shiner (L. coccogenis), and Central Stoneroller (Campostoma 

anomalum) also have been identified as potential hosts (Steg-Geltner 1998). Other life-history 

information that may be available for this species is generally derived from unpublished 

observations made by mussel hatchery and field biologists conducting laboratory and in stream 

surveys for them.  

Understanding the issues that have contributed to population declines throughout its range 

and the habitat requirements and life history of this species is crucial for developing and 

implementing recovery strategies for L. holstonia. In this study, I surveyed known populations 

and suspected locations of L. holstonia populations throughout Virginia and Tennessee and 

monitored two populations of L. holstonia that likely represent some of the larger remaining 

populations of this species in these two states. I performed a capture-mark-recapture assessment 

in each population, tracking tagged mussels for one calendar year. To my knowledge, an 

extensive survey of this nature has not been conducted for L. holstonia, and information gained 

here will contribute to our understanding of the demography of this species, and how this species 

lives in small hydrologically variable headwater streams. Aside from monitoring tagged mussels 

within these systems, I also document changes in the headwater habitat over the course of the 

assessment. Data presented in this study informs the understanding of the habitat preferred by 

this species and its adaptation to living in a perennial stream prone to habitat modifications and 

pollution. These data will prove useful for determining preferred habitat and conservation actions 

and can guide future stream habitat restoration and monitoring for L. holstonia.  
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Methods 

Data on the historical distribution of L. holstonia was collected from state and federal 

agencies (Virginia Department of Wildlife Resources; University of Tennessee McClung 

Museum; Steve Ahlstedt, retired USGS, personal communication), and selected known historical 

locations were visited between 2017 and 2021. Visited sites (Table 1, Figure 1) were chosen 

based on the number of mussels (≥5 L. holstonia) collected during prior visits. At sites where I 

was able to collect live mussels, I recorded the species as an extant (‘present’) population. At 

sites where I was unable to locate live individuals or were only able to collect shell material, I 

recorded the species as ‘absent’. Locations of collection sites for L. holstonia are presented in 

Figure 1. 

Quantitative assessment of Lasmigona holstonia  

I selected two populations of L. holstonia for conducting a capture-mark-recapture study 

beginning in the summer of 2019, one in the South Fork Clinch River, Tazewell County, 

Virginia, and another in Cloud Branch, Polk County, Tennessee, a tributary to the Ocoee River. 

Both populations are large and likely represent some of the most robust remaining populations of 

this species range-wide. The South Fork Clinch River population (located in Dunford Park, VA) 

was selected following genetic sampling for this study and because a Virginia Department of 

Wildlife Resources (VDWR) count survey was conducted at the site in April of 2019. This site is 

50 m in length and averages 4 m in width. The site is located in a bend in the river that has 

mostly sandy substrate with silt near the bank (Figure 2A). This portion of the South Fork Clinch 

River is prone to rapid water level and flow increases associated with precipitation events which 

can displace tagged mussels downstream. Thus, I selected this site to mitigate the potential 

effects of high flow by placing the mussels in the river bend, which acts as a flow refuge for 
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mussels (Strayer 1999). The Cloud Branch population in Polk County, TN was first documented 

on November 16, 2018. I am unaware of previous surveys or collection records at this site, 

although records of L. holstonia exist from sites upstream. The site is about 50 m in length, and 

the width is 1–3 m (Figure 2B). The substrate at this site is mostly silt with predominantly sand 

in the middle of the creek channel. Cloud Branch is generally very shallow (<0.5 m), but water 

levels can increase rapidly during or following periods of high precipitation. While I selected one 

site in each stream for this survey, the mussel populations here only represent a portion of the L. 

holstonia in each stream. The South Fork Clinch River, for example, has multiple areas where L. 

holstonia are abundant, but other factors (e.g., water depth, lack of flow refugia, and evidence of 

racoon and human activity) made these other sites unsuitable for this survey.     

The capture-mark-recapture study in the South Fork Clinch River was initiated on June 26, 

2019.  During this first site visit, mussels were collected by hand collection using a viewscope 

and tagged with both a Hallprint (Hindmarsh Valley, South Australia) shellfish tag and a PIT tag 

(Biomark; Boise, Idaho). Both Hallprint and PIT tags were affixed to the shell of 60 mussels 

using super glue and PIT tags were covered with dental cement (Prime-Dental; Chicago, IL). 

Any previously untagged mussels collected during subsequent site visits were tagged with a 

unique Hallprint tag only. All mussels were assessed for gravidity and shell lengths measured. 

As described in Chapter 1, larger L. holstonia individuals (>30 mm) were affixed with a 30-cm 

length of bright green fishing line tied to a brass spoon (used in fishing lures, see Figure 3). Only 

larger individuals were affixed with line to ensure that mussel movement and survival was not 

affected by the presence of the line. The spoon was attached to the shell using super glue to 

provide a more permanent attachment for the line to the mussel shell. During each site visit, any 
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fishing line visible above the sediment-water interface was measured and subtracted from 30 to 

determine the approximate burrowing depth of the mussel (Newton et al. 2015).        

The second population used for this capture-mark-recapture study was the Cloud Branch 

population located near Benton, Polk County, TN. I first visited this site on July 16, 2019, and 

collected and tagged 43 mussels following the protocols used in the South Fork Clinch River. Of 

the mussels collected, eight mussels were too small to PIT tag, but were affixed with a Hallprint 

tag, and only eight mussels were large enough to attach with fishing line.   

I surveyed each site five times between summer 2019 and January 2020 (Tables 2–5). Due to 

travel restrictions associated with the COVID-19 pandemic, each site was surveyed once in July 

2020. While collection data from the July 2020 survey are presented here, these data are 

excluded from the calculation of population estimates as both sites experienced extreme habitat 

modification (i.e., flooding, and sediment and bank vegetation removal) during this time period, 

and I was unable to determine the exact timing of these habitat modifications. During each visit, 

sites were first visually surveyed for mussels using a viewscope, and visible line was measured 

for all line-marked L. holstonia (Chapter 1). The mussel was then unburied and collected. 

Following this, all L. holstonia were collected, including any unmarked individuals. A second 

pass through the site was then conducted in the same manner. During the third pass through the 

site, a BioMark (Boise, Idaho) PIT tag reader was used to locate any previously uncollected PIT-

tagged individuals. Additional passes through the site were conducted both visibly and with the 

PIT tag reader if needed. After collection, all mussels were measured for length and checked for 

gravidity. Any previously untagged mussels were tagged with a Hallprint tag. Following this 

assessment, all mussels were returned to the study site. 
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Estimated population sizes were calculated using the Schnabel method. This method requires 

a minimum of three sampling events in a closed population, the conditions of which were met in 

this assessment. The Schnabel method and is represented by the following equation (Krebs 

1999): 

𝑁̂ =  
∑ 𝑡(𝐶𝑡𝑀𝑡)

∑ 𝑡(𝑅𝑡)
 

 

where 𝑁̂= estimated population size, 

Ct = total number individuals captured at sample t, 

Mt = number of previously marked individuals in population (whether collected or not), and 

Rt = number of individuals already marked when collected. 

 

Standard error was calculated using the following equation: 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒
1

𝑁̂
=

∑(𝑅𝑡)

∑(𝐶𝑡𝑀𝑡)2
  

Variance was calculated from standard error using the following equation: 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟
1

𝑁̂
=  √𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒(

1

𝑁̂
) 

Variance was used to calculate the 95% confidence intervals using the following equation: 

𝐶𝐼 =  
1

𝑁̂
 ± 𝑡𝛼 ∗ 𝑆𝐸 

Where 𝑁̂ = the estimated population size, and 

t = the t-distribution critical value. 
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 Following the completion of the capture-mark-recapture assessment, the South Fork Clinch 

River population was re-visited on November 19, 2020, November 18, 2021, and September 29, 

2022. During each visit, the site was surveyed visually, and all observed mussels were collected 

by hand, lengths and gravidity were recorded, and mussels were returned to the river. A PIT tag 

reader was not used to locate mussels during these site visits. 

Qualitative assessment of Lasmigona holstonia 

 From June 2017 through November 2021, 25 known and suspected L. holstonia sites with 

suitable habitat were qualitatively surveyed with viewscopes to assess species presence. 

Numbers of mussels collected and general site characteristics (e.g., sediment type, cover, 

observed fish species) were documented, and catch-per-unit-effort (CPUE) was calculated. 

Mussels were collected by hand via wading, and a minimum of 50 m of stream length was 

surveyed. Shells of L. holstonia were collected and vouchered at the Virginia Tech Freshwater 

Mollusk Conservation Center or the McClung Museum (University of Tennessee, Knoxville, 

TN).  

Results 

Quantitative assessment of Lasmigona holstonia  

The South Fork Clinch River population was first surveyed on June 26, 2019, and 60 mussels 

were collected, tagged, and released. This site was re-surveyed on August 15, 2019, and 29 

(48%) previously tagged mussels were collected. In addition to the mussels that were observed 

and tagged in June, three L. holstonia that were tagged during my April 2019 survey were 

collected, and their lengths recorded (Tables 2–3; Figure 4). The third visit to the site was on 

September 19, 2019, when 19 (27%) of the previously tagged mussels were collected, which was 
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lower than the previous visit. However, 53 untagged mussels were collected, which was the 

highest number of untagged mussels collected during any of my surveys. Of the 53 untagged 

mussels collected, nine were originally tagged in April 2019, and despite being located in the 

same area as the study mussels, they were undetected in both June and August 2019. Of the 

mussels that were collected, three of the tagged mussels and 23 untagged mussels were gravid 

(Tables 2–3; Figure 4).   

The fourth visit to the South Fork Clinch River was on October 11, 2019. During this visit, 

50 (41%) of the tagged mussels were recovered, although two of the tagged mussels had died. I 

located these mussels in a pile of mussel shells near the river bank and noted that the shells were 

covered in claw marks, suggesting that they were killed by a raccoon or other similar-sized 

predator. Thirty-three previously untagged mussels were collected during this visit, and 12 of 

these previously untagged mussels were gravid. Of the tagged mussels at this site, 22 mussels 

were gravid. The fifth visit to the site was on November 11, 2019, when 33 (21%) of previously 

tagged mussels were collected with one dead mussel observed. I collected 12 untagged mussels, 

and observed 13 total gravid females. The sixth and final visit to the South Fork Clinch River site 

was on July 8, 2020. During this visit, 38 (23%) of the tagged mussels that were recovered, nine 

untagged mussels were collected, and no dead mussels were observed. No collected mussels 

were gravid (Tables 2–3; Figure 4). Data from the sixth site visit was not included in the 

population estimate at this site, as travel restrictions due to the COVID-19 pandemic caused a 6-

month gap between site visits, resulting in the final visit falling outside of the parameters for the 

Schnabel method of estimating population size.  

Cloud Branch was surveyed on July 16, 2019, and 43 mussels were collected, tagged, and 

released. This site was re-surveyed on September 4, 2019, and 24 (56%) tagged mussels were 
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recovered. Seven untagged mussels were collected, and no mussels were gravid (Tables 4–5; 

Figure 4). Of the mussels that were line-marked, seven were collected, and three of these mussels 

were buried >20 cm (Chapter 1). Cloud Branch was re-surveyed on October 3, 2019, when 13 

(26%) tagged mussels were recovered and 19 untagged mussels were collected; none of the 

tagged or untagged mussels were gravid (Tables 4–5; Figure 4). This site was surveyed for the 

fourth time on November 21, 2019, when 29 (42%) tagged mussels were recovered and five 

untagged mussels were collected, and one mussel was gravid mussel.   

The fifth survey of Cloud Branch was on January 8, 2020. During this visit, 31 tagged 

mussels were collected, one of which was dead, and 10 untagged mussels were collected. In 

total, two gravid females were collected during this visit. The sixth and final visit to this site was 

on July 15, 2020, when only three mussels were recovered, one of which was untagged. I also 

recovered a shell from a dead mussel; however, each valve was only partially intact, so I cannot 

confirm whether the mussel was previously tagged. Of the three mussels that were recovered, 

only one was near the sediment surface. The other two mussels were buried (Tables 4–5; Figure 

4). Collection data from the sixth visit to the site were not included in the population estimate at 

this site, as travel restrictions due to the COVID-19 pandemic caused a 6-month gap between site 

visits, resulting in the final visit to falling outside of the parameters for the Schnabel method of 

estimating population size. 

During the last visit to each site in July 2020, both sites showed evidence of high flows and 

habitat modification. At the South Fork Clinch River site, portions of the softer sediments where 

L. holstonia had often been collected were no longer present, and the sandier portions of 

sediment immediately upstream and downstream of the location of my marked L holstonia was 

washed away, leaving medium to large rock and bedrock exposed. At the Cloud Branch site, 
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there was evidence of a large increase in stream flow. Parts of the old rock bridge structure 

immediately upstream of my study site had come loose, and was not observed to still be at the 

site. All of the softer sediments at the site were gone, leaving mostly small to medium-sized 

rocks, and the vegetation along the bank appeared to have been recently flattened. 

A total of 177 mussels were encountered at the South Fork Clinch River site between June 

2019 and July 2020. Of these mussels, 168 were collected during the 2019 sampling year prior to 

any habitat modifications at the site. The estimated population size for this South Fork Clinch 

River site is 188 mussels ±0.007. A total of 85 mussels were encountered at the Cloud Branch 

site between July 2019 and July 2020. Of these mussels, 84 were collected during the 2019 site 

visits, prior to extreme habitat modifications. The estimated population size for this site is 

86±0.015 mussels. Estimated site densities were 0.84 mussels/m2 in the South Fork Clinch River 

and 0.84 mussels/m2 at Cloud Branch.  

During a return visit to the South Fork Clinch River on November 19, 2020, 11 previously 

tagged L. holstonia were collected. I observed that most of the sediment at the site of the capture-

mark-recapture study had eroded away, and the majority of the remaining substrate was large 

rocks and bedrock. Shells of eight deceased individuals were collected, including three 

previously tagged individuals. Fifteen live mussels were collected downstream of the initial 

capture-mark-recapture site, four of which were gravid. None of the mussels that were collected 

downstream of the capture-mark-recapture site were previously tagged. When this site was re-

visited a year later on November 18, 2021, only seven L. holstonia individuals were collected at 

the original capture-mark-recapture site, with only one mussel previously tagged. As observed 

during the November 2020 visit, the site was scoured, with mostly large rock substrate 

remaining. Silt and sand substrate remained only along the right descending bank. Similar to the 
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previous site visit, most L. holstonia were collected downstream of the original capture-mark-

recapture site, with 50 untagged individuals located in an approximately 50-m section. A final 

site visit was conducted on September 29, 2022, when five previously tagged and one untagged 

L. holstonia were collected during an hour-long search. An additional nine untagged L. holstonia 

were collected downstream of the survey site during a brief twenty-minute search. 

Qualitative assessment of Lasmigona holstonia  

Of the historical L. holstonia sites that I surveyed, live L. holstonia were documented at 

seven locations (five in Virginia and two in Tennessee; Table 1, Figure 1). Specifically, Plum 

Creek, (Clinch River, Tazewell, VA) and Beech Creek (Holston River, Rogersville, TN) 

contained suitable habitat and live mussels, with at least 20 mussels collected at each site. 

Nineteen live mussels were collected across Johnson Branch, Cavitts Creek, and Mundy Branch 

(Clinch River, Tazewell, VA), although mussel occurrences were very patchy throughout these 

streams, resulting in a low CPUE.  

Discussion 

Quantitative assessment of Lasmigona holstonia  

Throughout the study period, recapture rates were generally <50%, which is lower than 

recapture rates for the threatened James Spinymussel (Parvaspina collina), another rare and 

threatened species that occurs in small headwater streams (Esposito 2015). Average recapture 

rates in this study were ~76% throughout the three-month survey period, where mussels were 

surveyed bi-weekly. Given the longer time-frame of my study (one year) and the longer period of 

time between each survey (at 1–2 months), it is not surprising that my recapture rates were 

lower. Results of other long-term capture-mark-recapture studies have indicated that recapture 
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rate vary with time, particularly for smaller mussels (Carey et al. 2019). In my study, this low 

recapture rate could have been due to mussels being washed downstream during rain events or to 

mussels being buried too deeply in the substrate for me to detect them with the survey methods 

used here.  

Given the easily dispersible nature of the softer, silt sediments that L. holstonia prefers, I 

elected to focus on surface searches during site visits for this study. While excavated quadrat 

sampling has been utilized in some L. holstonia surveys (Beaty and Ostby 2010, reports E-G) the 

number of mussels collected during excavation was small compared to the number of mussels 

collected during the surface surveys previously conducted during the same surveys. Further, 

since my study site area was fairly small (100–200 m2), and the actual area that my mussels were 

located in was even smaller (~9–20 m2), it would have been difficult to randomize locations for 

enough quadrats to accurately predict mussel populations for this species, since quadrat sampling 

works best in areas with low densities of target species (Carey et al. 2019), and the densities for 

L. holstonia were 10 mussels/m2 at both sites in the areas where mussels were aggregated 

together. A separate concern was the effect that deep, frequent excavation into the soft sediments 

at this site would have on L. holstonia habitat. It is unknown whether quadrat sampling can 

disrupt mussel habitat or to what extent, but displacing sediments and mussel food supply, 

hindering reproduction, or even increasing mortality could be causes for concern (Smith et al. 

2000). Considering the imperiled status of L. holstonia and the fact that I was surveying two of 

the largest populations currently known, I determined that the potential benefit of an excavating 

quadrat survey was not worth the risk to mussels or their habitat. During my surveys, the softer, 

silt sediments easily became suspended, resulting in cloudy, turbid water until the flow at the site 

helped disperse the suspended sediments. This created a difficulty during my surface surveys, as 
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surveyors would need to wait 20–30 minutes for sediments to settle before the area could be 

surveyed again. If excavating survey measures would have been used, I likely would have 

encountered more mussels and had higher recapture rates, but at the cost of the stability of the 

mussel habitat and excessive time required for the suspended sediments to re-settle. 

Mussel mortality also may have contributed to the lower recapture rates, although I did not 

observe many deceased mussels during the study period. Other studies monitoring P. collina had 

recapture rates between 41 and 79% during biweekly summer samplings over a five-year period 

(2014–2019), with some years having higher recapture rates than others (Verdream 2020). 

Interestingly, during the summer of 2019, Verdream (2020) observed the lowest P. collina 

recapture rates (21%) of the five-year study period. Recapture rates for L. holstonia in late 

summer 2019 were 48% in the South Fork Clinch River on August 15, 2019 and 56% in Cloud 

Branch on September 4, 2019. The lower recapture rate observed in my study and Verdream 

(2020) may have been a result of warmer temperatures and drought conditions in the 

southeastern United States during the summer, which prompted mussels to remain buried at a 

depth beyond detection. Ultimately, my study occurred during a period of extreme environmental 

conditions (i.e., flooding, drought, loss of vegetation, sedimentation, and sediment 

displacement); thus, it is unsurprising that my recapture rates were generally lower than those of 

other headwater mussel studies prior to 2019.  

In the South Fork Clinch River, I observed more mussels near the surface during the fall 

(Table 2), which corresponded to the appearance of gravid mussels, suggesting that the mussels 

had migrated closer to the sediment-water interface for reproduction. This is similar to vertical 

migrations observed by Amyot and Downing (1997), who documented vertical movement of 

Elliptio complanata that corresponded with mussel spawning. Meador et al. (2011) also observed 
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vertical movement during spawning periods in the Altamaha River (GA), with vertical 

movement patterns differing to align with the reproductive period of each species. While many 

of the mussels affixed with fishing line were collected near the surface, I documented multiple 

mussels buried ≥20 cm in the sediments at the Cloud Branch site, and many mussels remained at 

least slightly buried (>5 cm) throughout the course of this study. Balfour and Smock (1995) 

observed E. complanata burrowing up to 10 cm deep in a headwater Virginia stream, with young 

individuals burrowing the deepest and generally remaining buried over the course of their study. 

The ability of some mussel species to bury beyond our detection range is not uncommon. For 

example, the Cracking Pearlymussel (Hemistena lata), is a species known to bury deep in the 

sediments, often outside of the range of detection for surveyors. These mussels are thought to 

largely remain buried, only surfacing for reproduction or if they are ill or dying (Caitlin Carey, 

Virginia Tech, personal communication). This makes true population estimates for this species 

difficult and likely time-of-year dependent. Here, most mussels, with the exception of lined 

mussels, were recovered either at the sediment surface or buried within about 5 cm of the 

sediment surface. Given the large number of previously unencountered mussels that were not 

collected here until they surfaced in the fall during their reproductive period, it is very likely that 

some of the low recapture rates I observed were due to mussels simply burying beyond my 

ability to detect them without employing excavation surveys methods. I suspect that most of the 

previously unencountered mussels that surfaced in the fall did so for reproductive purposes, and 

in fact, many of the surfacing mussels were indeed gravid, at least at the South Fork Clinch River 

site (Table 2). I estimate that most of the younger mussels would have still remained buried 

during this time (Balfour and Smock 1995). Despite assessing burrowing capability of L. 

holstonia (Chapter 1), I was unable to equate age and burrowing capability, as the spoon and line 
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method was size-selective, and only larger, older individuals could be monitored for burrowing 

depth. I might have observed greater burrowing depths more frequently had I been able to affix 

lines to younger mussels.  

During the sixth and final visit to Cloud Branch, far fewer mussels (n = 3) were observed 

compared to previous surveys of the site. I also observed habitat changes that indicated that flood 

conditions had occurred in spring 2020, including bank erosion at the site, removal of nearly all 

soft sediment, and the loss of a large portion of a small bridge located immediately upstream of 

the site. I hypothesize that a large portion of the rock bridge dislodged and moved downstream, 

scraping across the sediment surface, removing the majority of the soft sediments and mussels 

downstream.  It is unlikely that a mass die-off of mussels occurred at the site given its general 

appearance and the physical changes that I observed, and the fact that there was only one shell 

recovered. During a die-off event, I would expect to find more shells and freshly deceased 

individuals, neither of which were observed during the final visit to the site. It is possible that the 

mussels were washed downstream, although I could not determine where the displaced mussels 

settled. It is also possible that flood events that relocate mussels downstream are a common 

occurrence in Cloud Branch. Prior to initializing this capture-mark-recapture assessment, I 

visited Cloud Branch and the South Fork Clinch River sites to conduct tissue samples for genetic 

analysis in November 2018 and April 2019, respectively. While I eventually recovered a dozen 

individuals tagged during genetic sampling at the South Fork Clinch River over the course of the 

capture-mark-recapture assessment, I never recovered any individuals that were sampled during 

the November 2018 sampling trip at Cloud Branch during any subsequent trips. Further, many of 

the individuals collected at Cloud Branch were smaller and likely younger than the individuals 

recovered from the South Fork Clinch River (Chapter 1). Most mussels recovered from Cloud 
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Branch were <35 mm in length, whereas most mussels recovered from the South Fork Clinch 

River >35 mm (Figure 5), indicating a younger population of mussels in Cloud Branch. It is 

possible that flood events frequently move a significant portion of mussels from Cloud Branch 

downstream, but the site quickly re-populates with L. holstonia. Given the rainfall experienced in 

spring 2020, flooding greatly affected this population, and it would be informative to re-visit this 

site in the future to document whether re-population has occurred.  

While I was unable to measure discharge at either the South Fork Clinch River site or the 

Cloud Branch site here, gage-height data from the Bluestone River at Falls Mills, VA 

(37.27150554, -81.3048227; about 20 miles northeast of the South Fork Clinch River site in 

Tazewell, VA), did not exceed 3.5 ft. between June 2019 and January of 2020 (average gage 

height ~2.5 ft). Gage height spiked to over 7 ft on February 7, 2020, which aligned with a flood 

event that I observed when collecting stream temperature loggers at a nearby site a few days later 

(Chapter 3).  The gage height at this station exceeded 5 ft five more times between March 2020 

and June 2020, and three of those recordings exceeded 7 ft, which was the maximum recording 

height at this gage. During all of these events, stream discharge reached between 700 ft3/s to over 

1000 ft3/s, far higher than the 400 ft3/s maximum stream discharge outside of the February 2020 

– June 2020 range (https://waterdata.usgs.gov/nwis/rt). In Polk County, TN, the USGS water 

gage on the Ocoee River at Copperhill, TN (34.99146908, -84.3765897) showed stream 

discharge continuously exceeding 2000 ft3/s from February 5, 2020 through May 8, 2020. While 

these measurements represent stream discharge in a larger river than the ones I studied here, 

these data do support my hypothesis of a severe precipitation event occurring in Cloud Branch 

near the beginning of May, 2020, when I believe the rock bridge broke, and subsequent sediment 

scouring unburied my temperature logger at this site (Chapter 3). During this same period, gage 
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height exceeded 9 ft on February 6, 2020, then reached 5.82 ft on March 25, 2020, and 5.66 ft on 

April 13, 2020. This was in stark contrast to the 2.8 ft – 4 ft gage height usually reported 

throughout the rest of the June 2019 – July 2020 timespan (https://waterdata.usgs.gov/nwis/rt). 

Taken together, this gage height and stream discharge data indicate that there is a possibility that 

my recapture results could have been affected by flooding events at my study sites.  

Based on the population estimates I presented here; I likely encountered nearly every mussel 

at each site over the course of the sampling period. At both sites, mussels generally were 

collected within the same small area (~20 m2 at the South Fork Clinch River site and 9 m2 at 

Cloud Branch) during each sampling event. To account for mussels that may have migrated or 

had been moved downstream from these small areas, I surveyed 50 m of river at each site 

starting about 20–25 m downstream of the mussel locations. If I account for the whole site area 

that was assessed, densities for L. holstonia were 0.84 mussels/m2 at both the South Fork Clinch 

River and Cloud Branch sites. However, if just the area where most L. holstonia individuals were 

collected was considered, densities were far higher, approaching 10 mussels/m2, suggesting that 

mussel densities are quite high in the areas where this species is located, although these localized 

densities are not reflected when total site or river densities are calculated. The frequency at 

which I surveyed each site and the fact that the mussels were generally located in a small area 

(<20 m2) likely contributed to the similarity between my estimated population size and the 

number of mussels that I encountered. Increasing the size of my sample area and or not 

surveying during the fall when mussels were reproductively active and surfacing would likely 

have decreased the accuracy of my results. Therefore, I suggest that future survey efforts span 

the timeframe when mussels are most likely to be at the surface and detectable by walk-through 

or swim-through survey methods.  Further, I often collected the same mussels repeatedly in the 
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same area during repeat visits. Given what I observed about L. holstonia here, I suspect that their 

main movement patterns are vertical within the sediment, and that horizontal movement 

primarily occurs as displacement during periods of high stream discharge. This lack of horizontal 

movement would have prevented many of my marked mussels from leaving the population, thus 

increasing the precision of my population estimates. Additionally, the requirements for the 

Schnabel method include that the population remains a closed population (Krebs 1999), so I 

excluded the last visit to each site that occurred after the flooding events later during my 

sampling timeframe. If I were to consider these mussel displacement events in my population 

estimates, the population estimates would be less similar to the number of individuals collected 

at each site. This is an important factor when considering future population surveys for this 

species. Currently, the more robust L. holstonia populations are re-surveyed every few years, 

likely due to a combination of limited funding and L. holstonia streams often not being part of 

long-term monitoring efforts. When managing these populations, mussel managers should 

consider the possibility of frequent downstream displacement of mussels, which could result in 

the dispersal of the more robust populations over time. I suggest yearly visual surveys of the 

known large and robust populations of this species like the two observed here. Hopefully, this 

approach will minimize unrealized losses of previously robust populations like I observed at 

some of my surveyed sites (Table 1).  

This study was conducted concurrently with a long-term water temperature assessment at 

both the South Fork Clinch River and Cloud Branch sites. While temperature assessments at the 

Cloud Branch site lasted nearly the same duration of the capture-mark-recapture assessment 

(July 2019–May 2020), the South Fork Clinch River temperature assessment spanned June 

2019–November 2022. Due to my recurrent visits to the South Fork Clinch River site, I was able 
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to observe the site during and after severe weather events and was able to document habitat 

changes over time. One change I observed was the removal of many of the soft sediments where 

L. holstonia mussels were collected and where tagged mussels were buried. With the soft 

sediments removed, the substrate largely consisted of tightly packed small- to medium-sized 

rocks with little room for the mussels to burrow. I observed a decrease in the number of L. 

holstonia encountered during subsequent post capture-mark-recapture visits, though I still 

collected many of the Cambarunio iris that were previously tagged at this site as part of a 

separate study. Of the ten C. iris that were tagged on June 26, 2019, I frequently collected 50–

70% of tagged individuals during each site visit, including collecting seven of the tagged C. iris 

when the site was revisited in November 2021 and six tagged individuals in November 2022. I 

hypothesize that once the softer sediments were removed, L. holstonia may have been washed 

downstream. As C. iris adults are larger than L. holstonia, and are capable of burying into the 

space between rocks, this species was likely able to withstand higher flow rates at the study site 

then L. holstonia was able to withstand. I briefly surveyed the downstream reaches of the South 

Fork Clinch River in November 2021 and November 2022, and while L. holstonia were collected 

from downstream locations, I did not collect any mussels that were tagged and monitored as part 

of the capture-mark-recapture assessment. Two deceased L. holstonia were collected during the 

assessment period, and only eight of the shells that were collected following the conclusion of 

the capture-mark-recapture assessment were tagged or exhibited glue residue from tagging. 

Therefore, I do not consider study efforts to have contributed to the mortality of these mussels, 

and suspect that individuals were washed downstream of my survey locations.     
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Qualitative assessment of Lasmigona holstonia  

Of the other L. holstonia sampling sites that I surveyed qualitatively, Cavitts Creek was 

surveyed on a consistent basis (~2 times a year in 2019 – 2021). During that time, the instream 

habitat in Cavitts Creek underwent intense modifications, with a large portion of the stream 

flooding during the winter of 2020 resulting in the removal of most of the vegetation and trees 

along the bank. During a visit to the site on April 9, 2021, the previously rocky substrate had 

been filled in with at least 20 cm of fine sand. In addition, a live L. holstonia that was 

propagated, tagged, and released by the Aquatic Wildlife Conservation Center (Marion, VA) was 

collected. During a visit to this site on November 18, 2021, a beaver dam constructed 

downstream flooded this portion of the river into a large, deep pool. No live mussels were 

collected on this visit. This site was visited again on September 29, 2022 and no evidence of a 

beaver dam was observed and water levels were similar to those observed prior to the 

development of the dam. The area remained very sandy, especially near the left descending bank. 

Unfortunately, refuse was beginning to collect in the area again, likely having been washed 

downstream. No live mussels were collected during the September 2022 visit.   

Twenty-one mussels were collected during the initial visit to Crab Orchard Creek (New 

River, Bland, VA) on October 31, 2018. An area about 75 m downstream of this site was re-

visited every 4–9 months from June 2019 through September 2022. During all repeat visits, no 

live mussels were collected; however, the downstream mussel habitat began to improve. 

Sediment built-up over the bedrock and vegetation and bank stability also improved. 

Landowners documented the presence of Smallmouth Bass (Micropterus dolomieu) and 

Bluehead Chub (Nocomis leptocephalus), including chub mounds in 2022. Unfortunately, the 

initial site area where mussels were collected fared less well, with evidence of sediment 



82 
 

scouring, oil slicks from the nearby road, and very low flows observed in September 2022. It is 

possible that the low flows were due to a short-term drought in the area, and I recommend that 

this site be re-visited to determine whether flows increase during periods of more normal 

precipitation. No live L. holstonia were collected following the October 2018 visit. 

Unfortunately, few to no mussels were collected during visits to most historical L. holstonia 

sites. This could be due to habitat degradation from run-off and pollutants or due to a consistent 

downstream movement of populations during recent flooding events, similar to what occurred in 

Cloud Branch, TN. One site for example, Indian Creek (VA), was visited in January 2018 and 

two live L. holstonia were collected, but high-water levels made collection of more individuals 

difficult at the time. I returned in September 2021 and observed that the majority of the soft 

sediments had been scoured away. This site changed from largely silt and small gravel to large 

patches of bedrock, and no live mussels of any species were collected.  Furthermore, no shell 

material was collected, which further suggests that extreme flooding events displaced L. 

holstonia individuals downstream. If a larger die-off event was occurring, I would expect to see 

recent or fresh-dead shell material at these sites. It is also possible that I was unable to locate 

living L. holstonia individuals due to their extremely patchy distribution within river systems. 

Between collecting for genetics samples, quantitative and qualitative field surveys, and a 

three-year temperature field study, many L. holstonia sites were repeatedly visited between 2017 

and 2022. Throughout this time period, I documented many changes in L. holstonia streams, 

including beaver dam construction, sedimentation, sediment removal, loss of vegetation, run-off 

from nearby roads, and evidence of drought and flooding. While I cannot draw conclusions about 

all streams inhabited by L. holstonia, the changes I observed in streams that were repeatedly 

visited may be indications of long-term or permanent habitat degradation. Given the patchy 
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distribution of L. holstonia and the fact that it inhabits streams that may be prone to intense 

modifications, I recommend continued monitoring of L. holstonia streams to account for site 

degradation and to minimize effects of stream modifications prior to the loss of L. holstonia 

populations. Stream changes documented at L. holstonia sites in recent years during long-term 

temperature monitoring are documented in Chapter 3 of this dissertation.  

 

Conclusions & Recommendations 

During both the quantitative and qualitative surveys presented in this study, I documented 

consistent and sometimes extreme habitat modifications that likely affected L. holstonia 

population sizes. During the one-year time period that each site was visited, I documented 

flooding, drought, sedimentation, sediment removal, loss of vegetation, and oil run-off from 

nearby roads. Headwater systems are prone to habitat degradation from anthropogenic effects, 

and global climate change is expected to exacerbate flooding, drought, and pollution issues. I 

recommend that sites with notable L. holstonia populations continue to be monitored for habitat 

degradation, and some site modifications (i.e., bank stabilization) may be considered as potential 

management actions. Further, my results indicate that L. holstonia is prone to being displaced 

during flooding events. With the likelihood of severe flooding events expected to increase in 

coming years, I recommend initiating a long-term discharge and temperature monitoring system 

in sites including the South Fork Clinch River (VA) and Cloud Branch (TN).  

While mussels occurred at low to moderate densities (0.84 mussels/m2) in areas where L. 

holstonia was collected, these locations were patchily located throughout the stream. In order to 

maximize survey time and efficiency, I recommend that future population monitoring efforts 
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focus on more frequent visits to specific L. holstonia populations, rather than infrequent and 

sporadic whole-stream assessments. Further, given the seasonal burrowing capabilities of L. 

holstonia, I recommend that non-invasive swim-through presence/ absence surveys be conducted 

closer to spawning time in late summer and early fall when mussels are visible near the sediment 

surface. As a listed state-endangered species in Virginia, current state protocols require a timed 

swim-through survey of any river systems where construction work is planned. My results 

indicate that mussels remain buried during the warm summer months and do not begin to emerge 

for reproduction until the fall. It is critical that these surveys be conducted as close to spawning 

season as possible to ensure that any L. holstonia that are present in the area are observable, i.e., 

are not buried into the substrate where they persist through summer months.  
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Table 1. Location data for qualitative sampling sites of Lasmigona holstonia populations.  Approximate latitude and longitude 

coordinates for each site are provided, where known.  Unknown information is denoted by an asterisk, and a indicates that a site was 

visited multiple times within the same calendar year.  The catch-per-unit-effort (CPUE) represents the mean mussels/person hour.  

Stream River basin State Latitude Longitude 
Year 

sampled 

Number 

mussels 

Distance 

surveyed 

(m) 

CPUE 

(person 

hour) 

Plum Creek Clinch VA 37.09913 -81.5626 2018 30+ 200 5 

Indian Creek Clinch VA 37.12932 -81.6995 2019 2 50 0.67 

Indian Creek Clinch VA 37.12932 -81.6995 2021 0 150 0 

Indian Creek Clinch VA 37.08852 -81.7546 2021 0 100 0 

Indian Creek Clinch VA 37.08780 -81.75917 2021 0 100 0 

South Fork Clinch 

(Dunford Park) 
Clinch VA 37.12580 -81.4869 2021 100+ 100 9.56a 

North Fork Clinch 

(Tazewell) 
Clinch VA 37.142796 -81.48625 2021 107 700 6.8 

Johnson Branch Clinch VA 37.15920 -81.5418 2021 11 50 1.83 

Cavitts Creek Clinch VA 37.14479 -81.5448 2021 1 30 0.60 

Cavitts Creek Clinch VA 37.14525 -81.5450 2018 3 100 0.5 

Mundy Branch Clinch VA 37.14619 -81.5473 2018 5 50 0.83 

Wallen Creek Clinch VA 36.4258 -82.9066 2011 1 * * 

Cub Creek Clinch VA 36.81044 -82.5005 2009 41 * * 

Crab Orchard Creek New VA 37.10025 -81.1208 2021 21 100 7 

Wolf Creek New VA 37.17789 -81.1941 2019 0 200 0 

Beech Creek 

(Rogersville, TN) 
Holston TN 36.39377 -82.8475 2019 20 150 2.67 

Big Moccasin Creek Holston VA 36.75946 -82.27229 2020 3 50 1 

Middle Fork Holston 

(Rural Retreat) 
Holston VA 36.88354 -81.3737 2018 0 50 0 

Middle Fork Holston 

(Rural Retreat) 
Holston VA 36.88514 -81.3776 2021 0 150 0 

Middle Fork Holston  

(Nebo) 
Holston VA 36.88144 -81.3826 2021 0 50 0 

Walker Creek Holston VA 36.87451 -81.5663 2021 0 100 0 

Bear Creek Holston VA 36.90402 -81.4192 2021 0 100 0 

Dulton Branch Holston VA 36.88870 -81.3473 2021 0 100 0 

Cloud Branch Ocoee TN 35.12339 -84.6502 2020 80+ 100 7.8a 
Rymer Spring Ocoee TN 35.11303 -84.6542 2018 2 100 0.27 
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Table 2. Results from a capture-mark-recapture population assessment of Lasmigona holstonia in the South 

Fork Clinch River, Tazewell County, VA. The survey was initiated on June 26, 2019, and was re-surveyed on 

August 15, September 19, October 11, and November 11, 2019 and July 8, 2020. Sixty mussels were collected 

and tagged on June 26, 2019. Percentage of mussels recovered was calculated by dividing the total number of 

previously collected mussels by the total number of mussels tagged since June 26, 2019.   

 8/15/2019 9/19/2019 10/11/2019 11/11/2019 7/8/2020 

 

Tagged mussels 

recovered (%) 

 

48 27 41 21 23 

 

Dead mussels 

 

0 0 2a 1 0 

 

Untagged mussels 

  

10 53 (9b) 33 12 9 

 

Gravid mussels  

(New mussels) 

 

0 3(23) 22(12) 11(2) 0 

a Two dead mussels were collected from a shell pile near the study site, and scratches on the outside of the 

shell showed that these mussels were opened using claws, indicating that these mussels were most likely 

killed by a raccoon.  
b These mussels were collected, tagged, and released in April 2019 during site reconnaissance and genetic 

sample collection, but were not collected during the June or August visits. 
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Table 3. Lasmigona holstonia collected in the South Fork Clinch River, Tazewell 

County, VA during each site visit used to estimate population sizes and confidence 

intervals using the Schnabel method (see equation below in footnote). Variance 

was used to calculate the confidence intervals. The survey was initiated on June 

26, 2019, and was re-surveyed on August 15, September 19, October 11, and 

November 11, 2019 and July 8, 2020.  

 

Survey 

Date 

Sampling 

event (t) 

Number of 

mussels 

captured 

during the t 

sample (Ct) 

Number of 

mussels 

captured 

during the t 

sample that 

were marked 

(Rt) 

Number of 

marked 

animals in the 

population just 

before the t 

sample (Mt) 

8/15/2019 1 60 – – 

9/19/2019 2 39 29 60 

10/11/2019 3 72 19 70 

11/11/2019 4 83 50 123 

7/8/2020 5 45 33 156 

Sum – 299 131 168 
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Table 4. Results from a capture-mark-recapture population assessment of Lasmigona holstonia in Cloud Branch, 

Polk County, TN. The survey was initiated on July 16, 2019, and was re-surveyed on September 4, October 3, 

and November 21, 2019 and January 8 and July 15, 2020. Forty-three mussels were collected and tagged on July 

16, 2019. Percentage of mussels recovered was calculated by dividing the total number of previously collected 

mussels by the total number of mussels tagged since July 16, 2019. 

 
 9/4/2019 10/3/2019 11/21/2019 1/8/2020 7/15/2020 

 

Tagged mussels 

recovered (%) 

 

56 26 42 42 0.023 

 

Dead mussels 

 

0 0 0 1 1b 

 

Untagged 

mussels 

  

7 19 5 10 1 

 

Gravid mussels  

(new mussels) 

 

0 0 1a 2 0 

a Only one gravid female was collected during this visit, which is less than the nine gravid females that were 

collected at this site on November 16, 2018. 
b One partial shell was collected at the Cloud Branch site on July 15, 2020.  This shell was weathered and part of 

the left valve was missing, so it is unclear whether this individual was one of the tagged individuals at this site. 
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Table 5. Lasmigona holstonia collected in Cloud Branch, Polk County, TN during 

each site visit used to estimate population sizes and confidence intervals. The 

survey was initiated on July 16, 2019, and was re-surveyed on September 4, 

October 3, and November 21, 2019 and January 8 and July 15, 2020.  

 

Survey 

Date 

Sampling 

event (t) 

Number of 

mussels 

captured 

during the t 

sample (Ct) 

Number of 

mussels 

captured 

during the t 

sample that 

were marked 

(Rt) 

Number of 

marked 

animals in the 

population just 

before the t 

sample (Mt) 

9/4/2019 1 43 – – 

10/3/2019 2 31 24 43 

11/21/2019 3 32 13 50 

1/8/2020 4 34 29 69 

7/15/2020 5 41 31 74 

Sum – 181 97 84 
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Figure 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Distribution of Lasmigona holstonia in Virginia and Tennessee. Black dots indicate extant populations; red diamonds indicate historical populations where we 

collected no live mussels. Data presented is from 2018–2021. 
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Figure 2. A: South Fork Clinch River at the Lasmigona holstonia capture-mark-recapture site in 

Tazewell County, VA. Photo taken on November 11, 2019. B: Cloud Branch at the Lasmigona 

holstonia capture-mark-recapture site in Polk County, TN. Photo taken September 4, 2019. 
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Figure 3. A: Lasmigona holstonia individual with a Hallprint tag, PIT tag, with fishing line attached. B: Tagged L. 

holstonia collected on September 19, 2019 from the South Fork Clinch River, Tazewell, VA. Hallprint tags, PIT tags 

and line were able to withstand stream conditions for three months. C: Fishing line visible during initial mussel 

deployment. D: Fishing line visible on a mussel buried 20 cm in Cloud Branch. 
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Figure 4. Top: Number of Lasmigona holstonia collected at the South Fork 

Clinch River, Tazewell County, VA site from August 15, 2019 through July 8, 

2020. Tagged mussels denote all 60 mussels tagged at the initial start date of June 

26, 2019 and new mussels collected during the previous site visits. The asterisk 

denotes that nine of the newly collected mussels were originally collected and 

tagged in April 2019, but were not collected again until the site visit on September 

19, 2019. Bottom: Number of L. holstonia collected at the Cloud Branch, Polk 

County, TN site from September 4, 2019 through July 15, 2020. Tagged mussels 

denote all 60 mussels tagged at the initial start date of July 16, 2019 and new 

mussels collected during the previous site visits.  

 

* 
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Figure 5. Shell length distribution for Lasmigona holstonia collected 

from the South Fork Clinch River in Tazewell County, VA and Cloud 

Branch in Polk County, TN between June 2019 and July 2020. 
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Chapter 3 

 An Assessment of Stream Temperature Regimes and Thermal Tolerances of 

the Threatened Freshwater Mussel Lasmigona holstonia 

Abstract 

The Tennessee heelsplitter (Lasmigona holstonia), is an imperiled freshwater mussel throughout 

its range in the southeastern United States. This species prefers small cool headwater streams; 

however, these streams can be thermally variable and little is known about the temperature 

regimes that this species experiences. Long-term temperature monitors recorded in-stream and 

sediment temperature in four Virginia streams and one Tennessee stream inhabited by L. holstonia 

for up to three years.  In-stream temperature was variable, and daily fluctuations were frequently 

5–7°C. Temperature surges >5°C occurring within 90 minutes were observed, indicating that 

precipitation events were driving some of the thermal variation.  Sediment temperature was 

generally less variable than in-stream temperature, suggesting that the sediments may act as a 

thermal buffer for L. holstonia. Daily temperatures ranged from 0.5°C to 28.5°C across all five 

streams. Only the South Fork Clinch River reached 28.5°C; the maximum temperature in the other 

four streams was 25.5°C. Minimum temperatures across all five streams were between 0.5°C and 

2.5°C. Sudden water temperature increases were observed during summer months and appear to 

be consistent with intense local precipitation events. As coolwater-dependent species are more 

likely to be threatened by rising water temperatures, it is important to understand their thermal 

tolerances. I conducted a laboratory study to expose ~2-month-old juvenile L. holstonia to 

environmentally relevant summer temperatures (18, 22, 28, and 32°C).  Growth and heart rate 

were measured on days 0, 7, 14, 21, and 28 of the 42-day temperature exposure.  Final growth and 

survival were assessed on Day 42. Survival ranged from 29% to 52% for mussels in the 18, 22, 

and 28°C treatments.  Five mussels in the 32°C treatment remained alive through Day 14, which 

was higher than expected.  After 42 days, mussels in the 22 and 28°C treatments grew over 0.5 

mm, which represented approximately a 30% increase in length. Mussels in the 18°C treatment 

grew an average of 3% (0.03 mm) in length, suggesting that 18°C was too cold to support mussel 

growth.  On Day 0, heart rate ranged from 33.6 beats per minute (BPM; 32°C) to 59 BPM (18°C), 

with heart rates decreasing over the course of the experiment.  By Day 28, average heart rates for 

mussels in the remaining temperature treatments had decreased by 12–20 BPM.  Further, heart rate 

was affected by the time of exposure, rather than instantaneous water temperature. Results from 

this study suggest that L. holstonia juveniles can temporarily withstand higher and more variable 

water temperatures, although long-term exposure may result in a decline in overall mussel health 

and survival.  Results from this study contribute to our understanding of the thermal tolerances of 

coolwater species such as L. holstonia, and provide critical information for the possible listing of 

this species.   

Keywords: Endangered, Heart Rate, Growth, Physiology, Juveniles, Climate Change 
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Introduction 

North America contains the most diverse native freshwater mussel fauna in the world, with 

nearly 300 species (Master et al. 2000). However, almost 70% of these species are considered 

extinct, endangered, threatened, or of special concern (Lydeard et al. 2004; Williams et al. 2008). 

Declines in the abundance and diversity of North American mussels are due to an array of human 

activities such as pollution, water-quality degradation, and habitat alteration and destruction 

(Strayer et al. 2004). The Tennessee heelsplitter (Lasmigona holstonia) is endangered in Virginia 

and was considered for listing under the U.S. Endangered Species Act (ESA), but in 2023 the 

decision was made to not list the species under the ESA (U.S. Fish and Wildlife Service, 2023). 

The native range for L. holstonia spans streams in Alabama, Georgia, North Carolina, Tennessee, 

and Virginia, where it is generally considered a rare and imperiled species (Parmalee and Bogan 

1998; Williams et al. 2008). The species prefers small cool to cold first- or second-order 

headwater streams with a good groundwater inflow. Most of the remaining L. holstonia 

populations are located in rural and urbanized areas where they may be affected by runoff from 

large, busy paved roads, parking lots and other impervious areas near the stream. Further, some L. 

holstonia populations are located in streams that are heavily influenced by local farming activities 

or are affected by straight-piped domestic sewage outflow pollution as late as the 2010s and in 

some cases is ongoing. Lasmigona holstonia is frequently the only mussel species observed in 

these streams, although some species such as rainbow mussel Cambarunio iris (Williams et al. 

2017; previously Villosa iris) may co-occur. Due to being the sole inhabitant of these small 

headwater streams, L. holstonia often are overlooked during large-scale mussel surveys, and as a 

result, this species remains critically understudied.  

Temperature plays an important role in determining suitable habitat for a freshwater mussel. 

As ectotherms, mussels rely on stream temperature being warm enough to support growth and 
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reproduction, but not so hot as to induce stress or to be lethal (Strayer 2008). Recent research 

suggests that many mussel species may already be living near their upper thermal limits (Pandolfo 

et al. 2010). Currently, little is known about the temperature requirements of L. holstonia, but 

field-based observations suggest that individuals may remain buried in sediment during summer 

months in an effort to find thermal refuge near ground-water inflow and to avoid warmer surface 

water temperatures, and then re-surface in the fall and spring for reproduction. As this species 

prefers streams with a steady ground-water inflow, it is pertinent that the baseline temperature 

range for this species is identified, especially as elevated water temperatures due to climate 

change, drought, and run-off from urbanized environments become a greater threat.  

Exposure to elevated water temperatures can affect mussel gamete survival, shell-gaping, 

desiccation tolerance, and burrowing behaviors (Galbraith et al. 2012; Archambault et al. 2013).  

Altered heart rates of juveniles exposed to elevated water temperatures have been observed in both 

short-term (96 hour) and long-term (28 day) studies (Pandolfo et al. 2009; Ganser et al. 2013).  

Available evidence suggests that the length of exposure to elevated temperatures may be critical, 

with adverse effects becoming more apparent with increasing time of exposure (e.g., Ganser et al. 

2013, 2015).  Further, thermal sensitivity is variable among freshwater mussel species, and 

elevated water temperatures may already be leading to shifts in mussel assemblages to benefit 

more thermally tolerant species throughout the United States (Galbraith et al. 2010; Newton et al. 

2011; Ries et al. 2016).  Species that are likely to be most susceptible to rising water temperatures 

are those preferring cool to cold streams and that live in already degraded systems, such as L. 

holstonia. 

I characterized the long-term in-stream temperature regime experienced by L. holstonia 

throughout southwestern Virginia and southeastern Tennessee and utilized observed physiological 

responses of juveniles to a range of temperatures in a laboratory setting to assess temperature 
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tolerances for the species. Mussel survival and the sub-lethal endpoints of heart rate and growth 

rate of juvenile mussels exposed to environmentally relevant temperatures were measured.  This 

information is critical for establishing baseline temperature tolerances and preferences of juvenile 

and adult L. holstonia.  As a headwater-dependent species facing rising water temperatures, 

determining the thermal tolerances of L. holstonia is useful for establishing species management 

goals.     

Methods 

In situ temperature 

In June 2019, temperature loggers (ibuttonLink, Whitewater, Wisconsin) were deployed in five 

streams inhabited by L. holstonia at sites in Tennessee and Virginia (Table 1; Figures 1 and 2). 

Virginia sites were the South Fork Clinch River, North Fork Clinch River, Cavitts Creek (Clinch 

River; Tazewell County) and Crab Orchard Creek (New River; Bland County). All Clinch River 

sites are current L. holstonia monitoring sites for Virginia Department of Wildlife Resource’s 

Aquatic Wildlife Conservation Center near Marion, VA. The Tennessee site was Cloud Branch 

(Ocoee River; Polk County). Loggers were waterproofed in a rubber dip and vacuum-sealed in a 

plastic bag prior to being placed in a logger chamber made of PVC. Holes were drilled in the 

logger chambers to allow water to flow through. Each chamber was affixed with tie wire to a piece 

of rebar that was pounded into the substrate (Figure 3). In order to obtain a comprehensive profile 

of the temperatures that L. holstonia were experiencing, loggers were placed 20 cm above the 

sediment-water interface at all sites, and 20 cm below the sediment-water interface at the South 

Fork Clinch River, VA and Cloud Branch, TN sites. Loggers recorded temperature data at 90-

minute intervals for a 128-day period, at which point loggers were collected, data was 

downloaded, and new loggers were deployed. Logger recording time was extended from 90-
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minute intervals to 180-minute intervals in July 2020 to account for reduced fieldwork capacity 

during the COVID-19 pandemic. Loggers deployed after July 2020 recorded temperature in 180-

minute intervals for 256 consecutive days, at which point loggers were collected, data was 

downloaded, and new loggers were deployed. Temperature loggers were removed from Cloud 

Branch on July 15, 2020. The buried logger at the South Fork Clinch site was not recovered during 

a recent site visit; thus, data for the sediment temperature is presented through April 9, 2021.  

Temperature loggers from the four Virginia streams were removed for the final time in August 

2022 and were not replaced. 

Laboratory assessment of juvenile responses to temperature 

Environmentally relevant test temperatures (18, 22, 28, and 32°C) were selected based on in-

stream temperature data recorded between June 2019 and July 2020 in southwestern Virginia 

streams (Figures 4 and 5).  Two test temperatures (18 and 22°C) were selected, as they fell within 

the range of temperatures frequently experienced during warmer periods of the year (late summer 

through early fall).  The 28°C test temperature was selected because the highest water temperature 

recorded during this period was 28.5°C in the South Fork Clinch River (Figure 5), and previous 

research suggests that stress in some mussel species is induced between 25 and 27°C (Pandolfo et 

al. 2009; Ganser et al. 2013, 2015), and that juvenile growth rates decline above 28°C (Carey et al. 

2013). The highest test temperature (32°C) was not recorded during in-stream temperature 

monitoring; however, this temperature has been documented during the summer months 

throughout the southeastern United States (Galbraith et al. 2010) and in the shallow waters of the 

Upper Mississippi River (Newton et al. 2015), likely representing a possible extreme water 

temperature experienced by mussels.     

Lasmigona holstonia juveniles were propagated at the Virginia Tech Freshwater Mussel 

Conservation Center (VT FMCC) in spring 2021, and juveniles were cultured in sediment boxes 
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until they were ~2 months old. About one week prior to the initiation of this experiment, sediment 

box temperature was reduced from 26°C to 24°C so that mussels entering the 22°C treatment 

would not exceed a 3°C temperature change in a 24 hr period and to help stagger mussel 

acclimation to the test temperatures across different days. On June 25, 2021, mussels (average 

length ~1.44 mm) were divided into recirculating 20 L downweller bucket systems (Barnhart 

2006; Figure 6) residing in large water troughs set at either 22°C (for 18 and 22°C treatments) or 

26°C (for 28 and 32°C treatments). I used a modified version of a system that was successful in 

previous juvenile studies (Carey et al. 2013; Ciparis et al. 2015; Phipps 2019; Timpano et al. 

2022).  

There were five downweller buckets in each large circular holding tank, and each bucket 

contained six PVC chambers (5 cm diameter) with 500-µm mesh screens on the top and bottom of 

the chambers, with juvenile mussels residing on the bottom mesh screen. All buckets and 

chambers were pre-conditioned for two months with nitrifying biofilms to control ammonia prior 

to experiment initiation (Phipps 2019). Five mussels were placed in three of the chambers in each 

bucket for a total of 15 test mussels per bucket and 75 individuals per temperature treatment. The 

temperature of each system was controlled by a heater, a chiller, or a combination of both, and a 

large airstone was placed at the bottom of each trough to prevent the development of a 

thermocline. A submersible pump (600 L/hr) continuously circulated water through the chambers 

toward the bottom of the bucket. Each bucket also contained an airstone to ensure adequate 

oxygen availability for mussels. Water temperatures were raised or lowered by 3°C or less per day 

until the desired test temperature was reached (Galbraith 2012). Once the test temperature was 

reached, mussels were allowed to acclimate for 24–36 hours prior to the initial assessment (Day 

0).  
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On each test day, heart rate was assessed by looking through the mussel shell under a 

dissecting microscope and counting the heart beats for 15 seconds (Figure 7), which then was 

multiplied by four to determine beats per minute. Immediately following the heart-rate assessment, 

mussel lengths were collected using the imaging software in a Nikon SMZ-800N Stereo Zoom 

microscope. Mussels then were returned to the bucket system.  For the first 28 days of the 

experiment, mussel heart rate and length measurements were recorded and the number of 

surviving mussels was noted every week (Days 0, 7, 14, 21, and 28).  After Day 28, mussels were 

not assessed again until Day 42, when final length measurements and the number surviving per 

treatment were determined.  

Water quality (temperature, dissolved oxygen, pH, and conductivity) in the bucket system was 

recorded daily, and ammonia, alkalinity, and hardness were measured weekly. Temperature, pH, 

and conductivity were recorded using an AO-35634-35 meter (Oakton Instruments, Vernon Hills, 

Illinois, USA).  Dissolved oxygen was measured using an YSI 556 meter (YSI Inc., Yellow 

Springs, Ohio USA). Ammonia (NH3-N) was measured using a spectrophotometer (salicylate 

method; Hach DR/2400, Hach Company, Loveland, Colorado, USA). Mussels were fed a diet of 

Nanno 3600, and Shellfish Diet 1800 (Reed Mariculture, Campbell, California) in a concentration 

equal to about 100,000 algal cells per mL, twice per day. A one-half to three-quarters water 

change of each bucket was conducted bi-weekly. Conditioned water that had been aerated and 

warmed to each test temperature was used for these water changes. Long-term temperature 

monitors set to record temperature every hour were placed in two buckets within each system to 

document any temperature deviations that occurred outside of daily water chemistry (Table 2).     

As each downweller bucket was independent of the others at that test temperature; there were 

five experimental units (EU) per temperature treatment. Growth and heart rate data were assessed 

for normality by creating Q-Q plots in R (R Core Team 2018; car package; Fox and Weisberg. 



108 
 

2019). Once data were determined to be normal, a repeated-measures analysis of variance was 

conducted using SPSS (IBM Corp. 2020, SPSS Inc., Chicago, Illinois) to determine the effects of 

temperature (18, 22, 28°C), time (Days 0, 7, 14, 21, 28, and 42), and their interaction on heart rate 

and growth (length) of juvenile mussels (Maceina et al. 1994). Given the low survival of mussels 

in the 32°C temperature treatment, statistical analyses are presented for the 18, 22, and 28°C 

treatments only. Mauchly’s (1940) sphericity test was used to evaluate the assumption of 

homogeneity of variance, and this assumption was not violated by the data. Results were 

considered significant if p<0.10 (Table 3). 

Results 

In situ temperature 

In-stream water temperatures were measured continuously from June 27, 2019 to November 

18, 2021 in Virginia streams and from July 16, 2019 to May 15, 2020 in Cloud Branch, TN (Table 

1) are presented in Figures 4–5, and 8–9a-e. Temperatures in the North Fork Clinch River, Crab 

Orchard Creek, and Cavitts Creek ranged from 0.5°C to 25.5°C. During the summer months of 

each year, the North Fork Clinch River consistently displayed the lowest temperatures among 

these three streams, although the highest temperatures in the winter months were recorded in the 

North Fork Clinch River. The highest summer temperatures were recorded in Crab Orchard Creek, 

but beginning in November 2019, the temperatures recorded in this stream remained the lowest 

among the three streams. Cavitts Creek and North Fork Clinch River recorded low water 

temperatures of 2°C and 2.5°C, respectively, and the lowest temperature recorded during the study 

was in Crab Orchard Creek at 0.5°C (Figure 4). Daily temperature fluctuations frequently ranged 

between 5–7°C. In the South Fork Clinch River, in-stream temperatures ranged from 1.5°C–

28.5°C, with 28.5°C being the highest temperature recorded across all streams. In-stream 
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temperatures varied more greatly than sediment temperature, increasing by as much as 8.5°C over 

a 90-minute period.  

Sediment temperatures in the South Fork Clinch River remained 0.5–8°C colder than in-stream 

temperatures for part of the summer (Figure 5). Even when in-stream and sediment temperatures 

were similar, sediment temperatures were more consistent and fluctuated less. In the South Fork 

Clinch River, sediment temperatures recorded during late fall and winter were generally similar to 

in-stream temperature or were 0.5–2°C colder.  Temperature data from Cloud Branch followed a 

similar pattern as South Fork Clinch River, with sediment temperature generally being 1–3°C 

colder than the in-stream temperature during the summer months (Figure 8). During the late fall 

and winter, sediment temperature was frequently the same as in-stream temperature, but was 

occasionally up to 1°C warmer. A large rain event on May 5, 2020 likely exposed the buried 

temperature logger; thus, there were no recorded differences between in-stream and sediment 

temperatures after this date. In general, stream temperatures in all streams were variable in spring 

and summer months, and Cloud Branch TN was generally warmer than all Virginia streams 

(Figures 9a–e).   

Laboratory assessment of juvenile responses to temperature 

In general, test temperatures were maintained within 1°C of target temperature within each 

bucket (Figure 10).  One exception was on June 28, 2021, when the temperature in the 22°C 

treatment trough spiked to 26°C between 12:00 AM and 6:00 AM due to a chiller malfunction 

causing a heater to overcorrect temperature, with an ensuing temperature spike.  Once noticed, the 

water temperature was reduced slowly back to 22°C throughout the rest of the day.  Near the end 

of the experiment, the temperatures of the 28°C buckets decreased to 24–25°C for ~3 hours during 

the early morning hours.  The temperature was corrected within 8 hours of the deviation.  Daily 

pH for downweller buckets ranged between 8.50 and 8.78, and conductivity ranged between 413 
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and 468 µS/cm (Table 2).  Dissolved oxygen exceeded 90% saturation for all temperatures, and 

ammonia levels were low and ranged between 0 and 0.07 mg/mL. 

Numbers of juvenile mussels decreased over the course of the experiment, with less than 32% 

of the 300 total mussels in the study surviving until Day 42. The highest number (39) of mussels 

remained alive on Day 42 in the 18°C treatment, while only 22 mussels remained alive in the 22°C 

treatment. In the 32°C treatment, only 36 of the 75 mussels remained alive on Day 7, and by Day 

14, only 5 mussels remained alive at this temperature. No mussels in the 32°C treatment remained 

alive on Day 21. In the 22°C treatment, over half of the remaining mussels died between Days 14 

and 22, a trend not observed in the 18oC or 28°C treatments (Figure 11). 

Initial mussel length averaged 1.44 mm (range 1.11–1.87 mm) at the start of the experiment.  

Over the course of the 42-day exposure, mussels in the 22°C and 28°C treatments grew >0.5 mm, 

about a 30% increase in length. Mussels in the 18°C treatment grew less than mussels in the 22°C 

and 28°C treatments, averaging about 0.04 mm growth (3%) throughout the 42-day exposure. A 

repeated-measures analysis of variance showed a significant effect of both temperature and time 

on the growth of mussels in the 18°C, 22°C, and 28°C treatments (p < 0.001; Table 3). The 

interaction of temperature and time was significant (p = 0.051), as were comparisons between 

pairs of temperature treatments (p < 0.10). 

Juvenile heart rate ranged from 8–80 BPM during the first 28 days of exposure. In general, 

heart rate declined over time, with average heart rates dropping between 12 to 20 BPM over the 

course of the exposure. Average Day-0 heart rates ranged from 33 BPM in the 32°C treatment to 

64 BPM in the 18°C treatment. While average heart rates were more varied on Day 0, average 

heart rates on Day 28 for the 18, 22, and 28°C treatments were very similar (40–42 BPM). While 

there was no significant direct effect of temperature on the heart rate of juvenile L. holstonia (p = 

0.263), there were significant effects of time (p < 0.001) and the interaction of time and 
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temperature (p = 0.007; Table 3) on heart rate. None of the comparisons between pairs of 

temperature treatments were significant (p > 0.10).   

Discussion 

In situ temperature 

The stream temperature regimes experienced by L. holstonia were variable, frequently 

fluctuating by 5–7°C per day, sometimes within a few hours. Some of the observed temperature 

fluctuations are likely due to precipitation events at the site, an effect observed in other small 

regional headwater streams. For example, Nelson and Palmer (2007) monitored stream 

temperature and flow in headwater streams in both urbanized and more rural locations in 

Maryland. They documented water temperature surges of up to 7.4°C in streams during 

precipitation events and determined that the observed temperature surges occurred within 30 

minutes of a precipitation event and were followed by a gradual decrease in temperature over the 

next 2–7.8 hours. While I was unable to measure real-time precipitation at each stream in this 

study, temperature surges of up to 7°C were documented within a 90-minute interval in some 

streams, followed by a gradual temperature reduction over the next 2–6 hours. This pattern 

resembles that documented by Nelson and Palmer (2007) and suggests that a precipitation event 

had occurred at that time. Further, water temperature surges during precipitation events were 

largest in the more urbanized streams in the Maryland study. While all of the streams in Virginia 

where I collected data would be considered urbanized, the highest temperature fluctuations during 

precipitation events were in the South Fork Clinch River, which flows through a large, flat, 

deforested urban park and runs parallel to a busy paved highway and directly behind a row of 

houses and businesses. This site has very little tree cover and is prone to rapid increases in stream 

discharge. It is likely that the combination of run-off from the nearby highway and development 
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combined with the lack of tree cover contributed to the observed temperature surges being the 

most extreme at this site. In contrast, Cloud Branch (TN) would be considered a rural site and 

experienced a maximum temperature surge of 3.5°C in 90 minutes, with most temperature 

increases between 90-minute intervals being 1°C or less. This site had extensive forest cover, 

which not only provided shade, but likely helped minimize discharge and temperature surges.  

While the temperature fluctuations observed in my study may not be considered extreme 

compared to other streams, greater variation was observed than expected for streams supplied by 

consistent ground water inflow. Also, given that conservative laboratory protocols call for mussels 

to be acclimated to temperature by no more than 3°C per day (Galbraith et al 2012), it is surprising 

that L. holstonia in the wild frequently experience greater variations. Sediment temperatures were 

both lower and less variable than in-stream temperatures, particularly during the summer months. 

Hence, sediments may act as a thermal buffer to mitigate negative effects of large daily 

temperature fluctuations or temperature surges associated with precipitation events.   

I had hypothesized that the sediments were acting as a thermal buffer during the summer by 

providing a thermal refuge for the mussels. Such temperature refugia have been documented in the 

upper Mississippi River, where sediment temperatures were colder than in-stream temperature 

during summer months and warmer than in-stream temperatures during winter months (Newton et 

al. 2013). In the South Fork Clinch River, the sediment temperature recorded during the late fall 

and winter was generally the same as the in-stream temperature or was 0.5–1°C colder than the in-

stream temperature. Sediment temperature may have been influenced by groundwater in-flow, 

which may help keep the stream temperature cooler. Unfortunately, I was unable to locate a 

definitive source of groundwater at these sites during the course of my study, but the cooling of 

streams has previously been attributed to groundwater inflow (Mellina et al. 2002). Since L. 
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holstonia seems to prefer cooler water, the sediments may act as an important thermal buffer 

during summer months, when in-stream temperatures may reach levels stressful to the mussel.    

Temperature data from Cloud Branch indicated that the sediments may act as a thermal buffer 

for L. holstonia, especially during the summer months (Figure 8). Similar to the results of Newton 

et al. (2013), late fall and winter sediment temperatures were up to 1°C warmer than in-stream 

temperatures, although the sediment temperatures frequently were the same as in-stream 

temperatures. Similar to the South Fork Clinch River site, sediments were likely acting as a 

thermal buffer for L. holstonia in Cloud Branch, particularly during the summer and early fall. 

Consistently high air temperatures were recorded near Cloud Branch in Benton, TN throughout 

the summer and fall of 2019, with air temperatures of 36°C and above recorded during a site visit 

on October 3, 2019 (U. S. National Weather Service). These high air temperatures combined with 

relatively low precipitation likely contributed to the higher observed in-stream temperatures.  

To my knowledge, this study represents the first long-term temperature monitoring of streams 

occupied by L. holstonia. It is likely that some of the extreme high and low temperatures observed 

during the in-stream assessments may have been due to local precipitation events at that time. 

Unfortunately, it can be difficult to accurately monitor total precipitation in the Appalachian 

Mountains, as precipitation totals can differ between locations just a few miles apart. Accurate and 

long-term precipitation monitoring at known L. holstonia sites may help confirm whether the 

temperature fluctuations that I observed at the study sites were due to local precipitation events. 

Further, discussions with local landowners consistently indicated that run-off from nearby roads 

was a frequent occurrence. The loggers may have recorded warm temperatures from nearby road 

run-off during precipitation events. One landowner near the Crab Orchard Creek site said that he 

observed oil slicks in the river nearly every time it rains, suggesting that run-off of motor oil and 

of road salt is occurring during winter precipitation. While outside of the scope of this project, 
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future assessments at these streams may measure inputs of run-off and possible harm to nearby L. 

holstonia populations.  

Laboratory assessment of juvenile responses to temperature 

Forty-two-day survival for mussels in the 18°C, 22°C, and 28°C treatments ranged from 29–

52%. The lowest survival in these three treatments was in the 22°C treatment. The low survival in 

this treatment may not have been strictly related to the exposure temperature, but could have 

resulted from the five-degree temperature spike that occurred early in this experiment (Figure 10). 

While I did observe similar in-stream temperature fluctuations during the in situ assessment, my 

laboratory experiment did not include sediment that could have provided a thermal buffer for 

burrowing mussels. Between Days 7 and 14, 22 mussels died in this treatment temperature and an 

additional 22 mussels the next week. This mortality was more than those in the 18°C or 28°C 

treatments at the same time-points. While a deviation from the desired test temperature was 

observed in the 28°C treatment, this deviation was a temperature decline of 4 °C, which may not 

have been as detrimental to mussels as a temperature spike.  

Over half of the mussels in the 32°C treatment died by Day 7, with another 31 mussels dying 

before Day 14. This was expected given that this treatment likely represents an extreme 

temperature for this species. However, it was surprising that on Day 14, five L. holstonia 

individuals were still alive and very active. While these mussels did not survive until Day 21, it 

suggests that at least some L. holstonia individuals can withstand periods of elevated water 

temperature. This ability may be important in future scenarios of elevated water temperature, 

where some individuals of a species are capable of adapting to elevated temperatures and thus are 

more likely to survive and reproduce.  

In general, the mussels in this study grew in length, with mussels in the 22°C and 28°C 

treatments growing >0.5 mm over the 42 days of this assessment. This was a 30 and 29% increase 



115 
 

in length, respectively. This size increase was slightly less than the extra mussels propagated, but 

not used, for this study. For the duration of my 42-day experiment, extra mussels resided in 3-L 

AHAB (Aquatic Habitats for Accelerated Bioresearch; Apopka, FL) tanks set in water baths with 

a small amount of sediment at the bottom. These mussels were kept at temperatures between 24–

26°C, were fed the same diet and on a similar feeding schedule as my study mussels, and boxes 

were cleaned and sediment and water were replaced weekly. Mussels in these boxes grew to an 

average length of 2.26 mm by Day 42, which was about a 36% increase in length. While these 

extra mussels were maintained in sediment and not handled as frequently as my test mussels, 

mussel growth was comparable to the mussels in my 22 and 28°C treatments. Mussel biomass also 

increased, with final biomass increasing by 1.86 mg/mussel in the 22°C treatment and by 1.25 

mg/mussel in the 28°C treatment.  

Biomass of the mussels in the 18°C treatment increased by 0.37 mg, and these mussels also 

grew in length, although the average of all mussels alive on Day 42 was only 0.04 mm longer than 

the average length of mussels at experiment initiation, which was approximately a 3% increase in 

length. While the average length in mussels in the 18°C treatment was not different from the initial 

length measurements, it appears that the thickness (width) of the mussel shells increased for most 

individuals at this temperature. Mussels were almost cuboidal, and internal structures were 

difficult to see by Day 28. While 18°C is a commonly occurring river temperature for L. holstonia, 

daily and weekly water temperature fluctuations may also be important determinants of mussel 

growth. During cooler times of the year, mussels will halt growth in length in order to thicken the 

shell, which is responsible for the development of pronounced annual growth rings. Perhaps the 

constant exposure to 18°C resulted in the mussels utilizing their energy resources to increase the 

thickness of the shell rather than to grow the shell in length. While I did not follow the surviving 

18°C mussels after the conclusion of this experiment, it is likely that the lack of growth in length 
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could have contributed to their becoming more cuboidal in shape. This shape could prove an issue 

in the river, as thicker shells may make burrowing more difficult and may even cause the mussels 

to be more susceptible to predation, as some mussel predators (i.e., muskrats) have been shown to 

prefer foraging for mussel species that are more cuboidal in shape (Owen et al. 2011). Mussels 

were monitored for defecation and dense food boluses in the gut (visible through the shell) every 

week, indicating that the mussels were feeding appropriately. Mussels in the 18°C treatment 

frequently had dense concentrations of food in the gut, but they were often smaller than their 

counterparts in the 22°C and 28°C treatments. While not quantitatively assessed, fecal production 

was noted to be less in the 18°C mussels than at other test temperatures, indicating that while the 

mussels were feeding, the water temperature may have been too low for the mussels to adequately 

metabolize their food. Further, while the average length of mussels in the 18°C treatment did not 

change drastically between Days 0 and 42, some mussels in the 18°C treatment did grow in length, 

indicating that growth varied among individuals; with some mussels able to grow no matter the 

water temperature or that some mussels grow better under cooler conditions. 

Heart rates of juvenile mussels generally declined over the course of this experiment, although 

heart rates remained higher than those observed in other studies. Ganser et al. (2013) observed 

heart rates that were less than 50 BPM in ~2-mo old juvenile Lampsilis abrupta, L. siliquoidea, 

and Megalonaias nervosa, with most heart rate observations well below 40 BPM in a long-term 

(28 day) assessment. While mussels in the 18°C treatment initially had the highest average heart 

rate across all downweller buckets (59 BPM), compared to 50 and 53 BPM in the 22 and 28°C 

treatments, respectively, surviving mussels at all temperatures had an average heart rate around 41 

BPM on Day 28. Mussels in the 32°C treatment consistently had the slowest heart rate of all 

temperature treatments, although heart rates remained consistent until Day 14. As heart rate may 

decrease or plateau above a certain thermal threshold (Braby and Somero 2006; Ganser et al. 
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2013), it is possible that juvenile mussel metabolism may have decreased in response to thermal 

and handling stress or the inability to provide enough food to meet the metabolic needs for these 

mussels. A repeated-measures analysis of variance indicated that time was a significant factor 

affecting heart rate of juvenile L. holstonia (p < 0.001; Table 3), while temperature alone did not 

significantly affect juvenile heart rates (p = 0.263). Hence, juvenile L. holstonia may be capable of 

withstanding short periods of elevated water temperatures without severe physiological harm. This 

would be important for mussels given the temperature regime that I observed in known L. 

holstonia streams, where a daily shift of 5–7°C was common. Therefore, it is likely that L. 

holstonia has some innate ability to withstand quick temperature fluctuations, but become more 

susceptible with increasing length of exposure.  

Observed heart rates during the first seven days were similar to those for most species 

observed by Pandolfo et al. (2009). Heart rate likely declined over time due to the increased stress 

experienced by the mussels, as observed by the decline in mussel survival. However, heart rate 

may have declined because the mussels were being fed enough food in the 22°C and 28°C 

treatments to support increased metabolism at the higher temperatures. During propagation 

activities in the VT FMCC laboratory, I have observed that mussel activity increases 10–15 

minutes after feeding. A similar observation was made during preliminary trials for this study, 

with mussel heart rates being slightly higher after feeding. Therefore, I waited one hour after 

feeding before making any heart rate assessments. While I am confident in the accuracy of the 

heart rates presented here, future research into how long metabolism is altered after feeding would 

be beneficial to interpretation of results of many such laboratory studies.    

Here I showed that mussel survival, growth, biomass, and heart rate were affected by long-

term exposure to elevated temperatures that mussels experience in regional rivers during the 

summer and early fall periods. Survival was negatively affected by high water temperature, while 
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time of exposure had the most effect on mussel heart rate. Mussels in the 22°C and 28°C 

temperature treatments grew in this study, but growth of mussels in the cold temperatures was 

minimal. It is possible that a large contributor to the observed results was the lack of sediment in 

the experimental system. Lasmigona holstonia individuals prefer to bury in the sediments, 

particularly during warmer parts of the year. Furthermore, L. holstonia juveniles are known to 

grow well in sediment (Tim Lane, Virginia Department of Wildlife Resources, personal 

communication). Therefore, sediment may act as a thermal buffer, preventing mussels from 

experiencing extreme high and extreme low temperatures. Due to the limitations of the current 

experimental system, the mussels were unable to bury. Mussel survival and health might have 

been improved by the addition of sediment, although previous research determined that the 

presence of sediment had no effect on thermal sensitivity in 96-hour laboratory assessments 

(Archambault et al. 2013). On the other hand, the use of recirculating downweller bucket systems 

has proven successful at the Freshwater Mollusk Conservation Center laboratory in the past. 

Similar temperature assessments housed juvenile test mussels in small chambers in incubators 

(Pandolfo et al 2009) or in PVC tubes covered on one end with mesh and suspended in 39-L flow-

through aquariums (Ganser et al. 2013). Hence, higher survival and growth rates may have been 

achieved if a system other than downweller buckets was used in this study. 

Throughout the 2.5-year stream temperature assessment, I documented multiple changes in L. 

holstonia streams, some of which are likely to have a lasting impact upon the thermal regime 

faced by the species. River modifications such as beaver dams resulted in pooling, creating a 

deeper, colder stream. Global climate change is likely to increase the frequency and severity of 

storms, leading to increased runoff from nearby surfaces following both winter and summer 

precipitation (Kaushal et al. 2010). Flooding may result in the removal of soft sediments from a 

site, preventing mussels there from burying into sediments for thermal refuge during warmer-
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water conditions. I observed effects on mussel survival, heart rate, and growth during the 

laboratory juvenile temperature assessment that may have been different had the mussels been 

able to bury into sediments to seek thermal refuge. While mussel populations may currently be 

able to withstand large and sudden increases in water temperature, living in streams that are prone 

to sediment removal may pose a risk to L. holstonia populations under future climate change and 

severe weather scenarios. The removal of riparian vegetation can result in more sun exposure and 

increased water temperature (Nelson and Palmer 2007), as well as an increased possibility of 

predation if the river can be accessed more easily. I recommend continued monitoring of L. 

holstonia streams to account for effects of ongoing site degradation. 

While previously a candidate for listing under the U.S. Endangered Species Act (U.S. Fish and 

Wildlife Service, 2023) and considered threatened or endangered in most states throughout its 

range, L. holstonia remains an understudied species. Data presented here represent the first attempt 

to characterize the stream temperature regimes experienced by populations of this species, as well 

as the first attempt to utilize physiological endpoints to assess this species’ response to water 

temperatures it is likely to experience in these streams. These data will contribute to a better 

understanding of this unique species and will help determine the preferred thermal regime for L. 

holstonia. Information provided here will assist in the development of a species distribution model 

for L. holstonia and will inform the need for listing and possible management actions for 

populations of this species. 
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Table 1. Locations of temperature loggers in streams populated by Lasmigona holstonia. 

 

Site River system State County Coordinates Logger location 

South Fork Clinch River 

(Dunford Park) 
South Fork Clinch Virginia Tazewell 37.125807, -81.486950 In-stream (1), buried (1) 

North Fork Clinch River North Fork Clinch Virginia Tazewell 37.139478, -81.489519 In-stream 

Cavitts Creek Clinch Virginia Tazewell 37.144805, -81.544987 In-stream 

Crab Orchard Creek New Virginia Bland 37.100152, -81.123378 In-stream 

Cloud Branch Ocoee Tennessee Polk 35.123243, -84.650192 In-stream (1), buried (1) 
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Table 2. Average water quality measurements from a 42-day laboratory exposure of juvenile Lasmigona holstonia to elevated water temperatures conducted at the 

Freshwater Mollusk Conservation Center, Virginia Tech. Dissolved oxygen, pH, and conductivity were measured daily; ammonia, hardness, and alkalinity were 

measured weekly. Minimum and maximum values are reported in parentheses. Temperature assessments ran from June 25, 2021 – August 10, 2021 for the 18, 22, and 

28°C temperature treatments. The 32°C temperature assessment ran from June 25, 2021 to July 20, 2021, at which no more mussels remained alive. 

 

Temperature (°C) 
Dissolved Oxygen 

(mg/L) 
pH Conductivity (uS/cm) Ammonia (mg/mL) 

Alkalinity 

(mg CaCO3/L) 

Hardness 

 (mg/L as CaCO3) 

18 8.97 (8.06–9.67) 8.56 (8.50–8.64) 444 (430–455) 0.016 (0–0.04) 127 (125–128) 150 (149–151) 

22 8.66 (8.59–8.82) 8.66 (8.59–8.70) 457 (444–468) 0.020 (0–0.03) 126 (123–128) 151 (148–153) 

28 6.73 (5.24–7.55) 8.70 (8.62–8.76) 444 (417–467) 0.020 (0–0.03) 128 (127–129) 152 (149–154) 

32 6.24 (5.60–6.69) 8.73 (8.67–8.78) 440 (413–463) 0.025 (0–0.07) 127 (125–128) 151 (149–152) 
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Table 3. Repeated-measures analysis of variance for the effects of time, temperature, and temperature * time 

interaction on growth (shell length) and heart rate of juvenile Lasmigona holstonia exposed to 18, 22, and 28°C water 

for 28 days (heart rate) and 42 days (growth). 

 

 Growth Heart rate 

Source F df p F df P 

Temperature 18.992 2 <0.001 1.511 2 0.263 

Time 7.341 5 <0.001 16.514 4 <0.001 

Temperature * time 1.998 10  0.051 3.095 8 0.007 
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Figure 1. Locations of temperature loggers deployed from June 2019–November 2021 in southwest Virginia. One logger was deployed in each of Crab Orchard Creek 

(Bland County), Cavitts Creek, and North Fork Clinch River (Tazewell County). Two loggers were deployed in the South Fork Clinch River (Tazewell County; one 

logger in the water column and one logger buried in the sediment). The South Fork Clinch River site also was the site for the capture-mark-recapture study presented in 

Chapter 2.  
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Figure 2. Location of temperature loggers deployed from July 2019–May 2020 in southeast Tennessee. Two loggers were deployed in the Cloud Branch (Polk County; 

one logger in the water column and one logger buried in the sediment). This site also was the site for the capture-mark-recapture study presented in Chapter 2.  
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Figure 3. Temperature logger chamber and vacuum-sealed temperature logger (left). PVC chamber attached to 

rebar in Crab Orchard Creek (right).    
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Figure 4. Observed in-stream temperature in three Virginia streams inhabited by Lasmigona holstonia (North Fork Clinch River, 

Cavitts Creek; Tazewell County and Crab Orchard Creek; Bland County) from June 30, 2019 through November 18, 2021. 
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Figure 5. In-stream and sediment temperature recorded in South Fork Clinch River (Tazewell County, VA) from June 26, 2019 through April 9, 2021.   
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Figure 6. Recirculating downweller bucket system used during exposure of juvenile Lasmigona 

holstonia to 18, 22, 28, and 32°C water. 

 

 

Figure 7. Heart of a juvenile Lasmigona holstonia (encircled) exposed to 22°C water. 
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Figure 8. In-stream and sediment temperature recorded in Cloud Branch (Polk County, TN) from July 16, 2019 through May 15, 2020. Asterisk denotes the 

beginning of no difference between in-stream and sediment temperature, likely indicating the timing of a large rain event at this site. 
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Figure 9a. Distributions of in-stream temperatures recorded in North Fork Clinch River, Cavitts Creek (Tazewell 

County, VA) and Crab Orchard Creek (Bland County, VA) from June 30, 2019 through December 31, 2019 and in-

stream and sediment temperature recorded in South Fork Clinch River (Tazewell County, VA) from June 26, 2019 

through December 31, 2019, and Cloud Branch (Polk County, TN) from July 16, 2019 through December 31, 2019. 

*NFC = North Fork Clinch River, CO = Crab Orchard, CC = Cavitts Creek, SFC = South Fork Clinch River, CB = Cloud 

Branch. 
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Figure 9b. Distributions of in-stream temperature recorded in North Fork Clinch River, Cavitts Creek (Tazewell County, 

VA) and Crab Orchard Creek (Bland County, VA) and in-stream and sediment temperature recorded in South Fork 

Clinch River (Tazewell County, VA) from January 1, 2020 through June 26, 2020, and Cloud Branch (Polk County, TN) 

from January 1, 2020 through May 15, 2020. *NFC = North Fork Clinch River, CO = Crab Orchard, CC = Cavitts Creek, 

SFC = South Fork Clinch River, CB = Cloud Branch. 
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Figure 9c. Distributions of in-stream temperature recorded in North Fork Clinch River, Cavitts Creek (Tazewell County, 

VA) and Crab Orchard Creek (Bland County, VA) and in-stream and sediment temperature recorded in South Fork 

Clinch River (Tazewell County, VA) from July 6, 2020 through December 31, 2020 *NFC = North Fork Clinch River, 

CO = Crab Orchard, CC = Cavitts Creek, SFC = South Fork Clinch River. 

 

 



137 
 

Figure 9d. Distributions of in-stream temperature recorded in North Fork Clinch River, Cavitts Creek (Tazewell County, 

VA) and Crab Orchard Creek (Bland County, VA) and in-stream and sediment temperature recorded in South Fork 

Clinch River (Tazewell County, VA) from January 1, 2021 through June 30, 2021. *NFC = North Fork Clinch River, CO 

= Crab Orchard, CC = Cavitts Creek, SFC = South Fork Clinch River. 
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Figure 9e. Distributions of in-stream temperature recorded in North Fork Clinch River, Cavitts Creek (Tazewell County, 

VA) and Crab Orchard Creek (Bland County, VA) and in-stream and sediment temperature recorded in South Fork 

Clinch River (Tazewell County, VA) from July 1, 2021 through November 18, 2021. *NFC = North Fork Clinch River, 

CO = Crab Orchard, CC = Cavitts Creek, SFC = South Fork Clinch River. 
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Figure 10. Hourly water temperatures recorded in downweller buckets from June 26, 2021 

to August 11, 2021.  Buckets are labelled by the test temperature (oC) followed by bucket 

number (between one and five). 
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Figure 11.  Grand mean ± 95% confidence interval of the (A) heart rate and (B) length of juvenile 

Lasmigona holstonia and number of alive mussels (C) exposed to a suite of environmentally relevant 

temperatures over a 42-day period in June through August 2021.  Heart rate was not assessed on Day 42.
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Chapter 4  

A Quantitative Assessment of Two Imperiled Freshwater Mussel Species from 

the Largest Remaining Populations in the Clinch River, Tennessee, USA 

 

Abstract 

Native North American freshwater mussels have long life-spans, a relatively immobile lifestyle, 

and are dependent on a host fish for successful reproduction. Long-term population surveys are 

one of the most important tools for monitoring changes and trends in mussel populations. Long-

term mussel survey data from three Clinch River, TN sites, Wallen Bend (WB), Frost Ford (FF), 

and Swan Island (SI) was assessed from 2004–2014 and 2017–2021. Overall mussel densities of 

Medionidus conradicus, a species proposed as endangered for federal listing, increased from 

2004–2014, but then decreased from 2017 through 2021. Densities of the federally-endangered 

Ptychobranchus subtentus have declined since 2010, with larger decreases in density recorded 

after 2017. Abundances of both species were lower in the later sampling years, particularly at SI 

and WB. Estimates of population growth rate suggest that the Wallen Bend populations of M. 

conradicus and populations at all three sites of P. subtentus are either stable or growing, but 

yearly population growth estimates of M. conradicus at Swan Island indicate that population is 

decreasing at this site. Over the fifteen survey years, more large mussels and fewer smaller 

juveniles were collected between 2017 and 2021 than in the previous sampling years, indicating 

an aging population of P. subtentus. Recruitment of juvenile M. conradicus and P. subtentus was 

affected by April and July stream discharge. Recruitment of P. subtentus was not affected by 

April through September stream temperature; however, M. conradicus recruitment may have 

been affected by stream temperatures in July and September. These data indicate that local 

populations of these species may be decreasing in the Clinch River; however, variability exists 

between sites, and it is possible that some of these populations are returning to baseline density 

levels following a population boom during the 2008–2011 sampling years. Continued yearly 

sampling events will be important to the long-term management of these species. 

 

Keywords: Endangered, Demography, Recruitment, Temperature, Stream discharge, Aging 
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Introduction 

Native freshwater mussel (Bivalvia: Unionidae) populations are susceptible to an array of 

human activities that cause pollution, water-quality degradation, and habitat alteration and 

destruction (Strayer et al. 2004). Many mussel populations are declining in number due to having 

small sizes and patchy distributions, limited dispersal and mobility, the spatial and temporal 

dependence of their larvae on host fishes, and the fact that they inhabit fragmented landscapes. In 

order to best monitor freshwater mussel populations, frequent sampling is needed to estimate 

population size and recruitment. However, this can be difficult and costly, due to the patchy 

occurrence of mussel beds and the time and labor costs associated with large, frequent surveys. 

The long lifespan and delayed maturity of many mussel species combined with low juvenile 

survival makes frequent mussel population monitoring important, as juvenile mussels can be 

difficult to observe during most sampling methods, and a lack of new recruits to an area can 

indicate poor habitat or an aging population. In the Clinch River, mussel population monitoring 

at large, diverse mussel beds has been consistent, with surveys conducted every four to six years 

between 1979 and 2004 in populations in southern Virginia and Tennessee (Ahlstedt et al. 2016). 

Large mussel beds in the Tennessee side of the Clinch River were surveyed yearly from 2004 – 

2014 (Jones et al. 2014; Jones et al. 2018). Surveys were paused in 2015 and 2016, but the 

discovery of a large number of deceased mussels at these sites in 2016 and 2017 (Phipps et al. 

2018: Richard 2018) renewed yearly survey efforts in 2017.  Currently, four sites in the 

Tennessee side of the Clinch River are surveyed annually (Caitlin Carey (Virginia Tech) and 

Brett Ostby (Daguna Consulting), unpublished data).   

Two mussel species that occur within the Clinch River are the Fluted Kidneyshell 

(Ptychobranchus subtentus) and the Cumberland Moccasinshell (Medionidus conradicus), both 
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of which are of conservation concern and require continual annual monitoring to assess their 

population trends. Ptychobranchus subtentus was listed as endangered under the U.S. 

Endangered Species Act in 2013 (U.S. Fish and Wildlife Service 2013). The historic range for 

this species extended throughout parts of Alabama, Kentucky, Tennessee and Virginia in the 

Tennessee and Cumberland river systems. At the time of listing, 50 percent of P. subtentus 

populations were considered extirpated, with remaining populations in these two systems 

decreasing (U.S. Fish and Wildlife Service 2013). Reintroduction of P. subtentus is occurring in 

rivers throughout the Tennessee River drainage, and successful juvenile recruitment has been 

observed at some reintroduction locations such as the Duck River in Central Tennessee (U.S. 

Fish and Wildlife Service 2013). In addition to being federally listed, P. subtentus is listed as 

state endangered in Kentucky, Tennessee and Virginia. Currently, P. subtentus occurs in the 

Clinch, Powell, North and Middle Fork Holston, Big South Fork Cumberland, Elk, and 

Nolichucky rivers in Kentucky, Tennessee, and Virginia and the Tennessee River in Alabama 

(Parmalee and Bogan 1998). However, by far the best remaining population is the Clinch River, 

with estimates between 500,000 and 1,000,000 individuals occurring within a 32-river kilometer 

reach in Hancock County, Tennessee (Jones et al. 2014).       

Medionidus conradicus is a species proposed as endangered under the Endangered Species 

Act (U.S. Fish and Wildlife Service 2023).  Similarly, this species historically occurred in 

streams of the Tennessee and Cumberland river systems throughout Alabama, Georgia, 

Kentucky, North Carolina, Tennessee, and Virginia; however, populations in all states are 

declining. This species remains abundant in the Clinch River and is still extant in the Powell 

River (Virginia and Tennessee; Parmalee and Bogan 1998), and was observed in Big Rock Creek 

in 2017 (Duck River watershed, TN; Irwin 2018). In Alabama, M. conradicus is found in both 
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the Paint Rock River system and Foxtrap Creek, and was historically found in the Tennessee 

River in northern Alabama at Muscle Shoals (Ahlstedt, 1992a; 1992b). 

Ptychobranchus subtentus is a large species, reaching up to 130 mm in length. Reported 

longevity for this species is 26 to 55 years, and females are estimated to become sexually mature 

around the age of five (Davis and Layzer 2012). Fertilization for this species occurs in the late 

summer or early fall, with females holding glochidia overwinter and releasing their larvae in 

bound packets called conglutinates, which resemble black fly (Simuliidae) pupae the following 

spring (Jones et al. 2006; Barnhart et al. 2008). Unlike P. subtentus, M. conradicus individuals 

are much smaller, with a maximum length of 60 mm. As a smaller species living in a large river 

with the potential for high flow rates, M. conradicus adults are prone to being displaced 

downriver, especially when females are near the sediment surface to reproduce. This species is a 

long-term brooder, with fertilization occurring in late summer and females holding their brood 

through the following June (Davis and Layzer 2012). 

To determine the need for listing a species under the U.S. Endangered Species Act, data and 

analysis are needed to assess the status of remaining populations. Habitat, water quality, 

dispersal capability, the presence of host fish, food availability, and predator presence are factors 

affecting freshwater mussel distribution and abundance (Strayer 2008). Density estimates can be 

an important indicator of the health of a given population, and long-term density analyses can 

offer an important view of the dynamics of a population. For mussels, long-term trend data is 

especially important, as some mussel species can outlive the career of a given researcher. 

Furthermore, density estimates provide a standardized method for assessing a mussel population, 

which is vital for comparing populations over time. 
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Estimating abundance is important to inform freshwater mussel conservation efforts (Strayer 

2008), as it allows resource managers to designate populations suitable for management action 

involving population augmentation and translocation. Populations with high abundance may be 

suitable as source populations for mussel translocations, and alternatively, mussel populations 

with low abundance may be suitable as recipient populations. Decreases in mussel abundance 

may be due to river impoundments (Davis et al. 2013), which restrict host fish movement and 

result in a lower recruitment and abundance of populations throughout a species (Haag and 

Warren 1998; Strayer 2008). Alternatively, low population abundance may be the result of a 

contaminant or disease-causing mortality at that site. Currently, mussel populations in the Clinch 

River are suspected of being affected by a pathogen, such as a virus or bacterium which may be 

contributing to the observed mussel mortality (Richard et al. 2020). Thus, observed decreases in 

mussel abundance also may suggest which locations are suitable for habitat restoration (Smith et 

al. 2011).  

Long life-spans, delayed reproductive maturity, and the reliance on host fish to complete 

their lifecycle are all capable of contributing to low recruitment in mussel populations. 

Consistent low recruitment of young individuals with a corresponding increase in older 

individuals will likely indicate that the population is ‘aging out’, whereas steady or increasing 

numbers of young individuals during yearly surveys would indicate a healthy or stable 

population (Geist and Auerswald 2007; Österling et al. 2008; Strayer and Malcom 2012). Young 

freshwater mussels are susceptible to elevated water temperatures (Pandolfo et al 2009; Pandolfo 

et al. 2010; Ganser et al. 2013; Archambault et al. 2013), and heavy discharge events may 

contribute to downstream displacement of both juvenile and adult mussels. Unfortunately, many 

mussel species may already be living near their upper thermal limits (Pandolfo et al. 2010), and 
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global climate change is expected to continue to cause warmer water temperatures and drive 

alterations in weather patterns, resulting in more frequent and severe storms. Maintaining steady 

recruitment rates is important for long-term mussel population viability, and low numbers of 

young mussels indicate an aging population that may be dying out (Hastie and Toy 2008). In 

fact, the U.S. Fish and Wildlife Service recovery plan for P. subtentus states that populations 

should be stable or increasing, display natural recruitment, and contain multiple age classes 

across a monitoring period of 15 years. This corresponds to two reproductive generations of P. 

subtentus (USFWS 2022), a time span that the long-term population monitoring data analyzed 

here spans.  

For this project, estimates of long-term density, abundance, size-class structure and 

recruitment rates of M. conradicus and P. subtentus were compiled to provide a demographic 

trend analysis of these species over time. Because some of the best remaining mussel habitat 

occurs in the Clinch River, TN, long-term quantitative data sets are available for M. conradicus, 

and P. subtentus and thus were analyzed for this assessment. For both species, I also provide 

qualitative assessments when quantitative assessments are not available or possible. These 

population data can be used to help determine conservation actions for M. conradicus and the 

effectiveness of the current management plans for P. subtentus.       

Methods 

Medionidus conradicus and Ptychobranchus subtentus quantitative assessment 

Abundance and density estimates for M. conradicus and P. subtentus were obtained from 

surveys conducted from 1979–2021 in the Clinch River at Artrip, Bennett Island, Brooks Island, 

Cleveland Islands, Frost Ford, Kyle’s Ford, Swan Island, and Wallen Bend (Table 1). Quarter 

meter quadrats were sampled using a 0.5 m x 0.5 m metal frame constructed of 12 mm diameter 
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iron rebar welded at the corners. Substrate in each quadrat was excavated approximately 20 cm 

deep and surveyors visually searched for mussels during quadrat excavation using a mask and 

snorkel. Site-specific methods for collecting abundance and density data are outlined in Jones et 

al. (2014); Ahlstedt et al. (2016); Jones et al. (2018). Density and abundance data for each 

species was calculated and compiled for three sites in the lower Clinch River by Caitlin Carey, 

Virginia Tech (Wallen Bend, Frost Ford, and Swan Island, TN; Table 2 – 5; Figures 1–5). 

Geometric mean growth rate spanning the entire 15-year period (2004–2014; 2017–2021) was 

calculated, using standard demographic procedures and the following three equations:            

(1) λ = 𝑁̂t+1/𝑁̂t  (2) r = ln(λ)  (3) λG = 𝑒𝑟̅ 

where λ is the finite annual population growth rate (Equation 1), calculated using 𝑁̂t as the 

number of individuals (or density) in the population at year t, and 𝑁̂t+1 as the number of 

individuals in the next census year (Morris and Doak 2002, Mills 2007). The natural log (ln) of λ 

(Equation 2), more commonly referred to as the instantaneous annual population growth rate or 

r, was used to compute the arithmetic mean 𝑟̅, and the associated variance (𝜎̂2), and then these 

respective values were transformed back to obtain the mean finite annual population growth rate 

(λG) and the mean associated variance measures using inverse loge (Equation 3; Tables 6 and 7).  

Medionidus conradicus and Ptychobranchus subtentus recruitment 

To assess how stream temperature and discharge affected yearly mussel recruitment, I 

selected three target sites from the long-term monitoring data set (2004–2021). Wallen Bend, 

Frost Ford, and Swan Island (TN) were chosen based on the long timeline of data monitoring and 

the availability of mussel length data from these sites. Very young mussels (≤1 year old) can be 

difficult to collect during surveys, especially if the sediments are not sieved (Hornbach and 
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Deneka 1996). To account for the lack of available data for ≤1 year old mussels, I considered a 

mussel ≤3 years old to be a recruit. Glochidia of these individual mussels would have dropped 

off of the host fish and entered the population in the preceding two years. For each species, 

mussels were grouped based on length, with each group length range corresponding to an 

approximate age. For M. conradicus, I designated mussels that were ≤40 mm as a recruit. One 

year old mussels were considered to be mussels that were ≤20 mm in length. Two-year-old 

mussels were considered to be >20 mm–30 mm in length and mussels >30 mm–40 mm in length 

were considered to be three-year-old mussels (Table 8). For P. subtentus, back-aging of adult 

mussels indicated that two- and three-year-old mussels exceeded 40 mm in length (Table 9). 

Based on the average 1-, 2-, and 3-year age measurements of ten mussel shells from the Clinch 

River, I set the age for ≤3-year-old P. subtentus at ≤50 mm. One year old mussels for this species 

were designated as ≤24 mm length and two-year-old mussels were considered to be >24 mm–

<35 mm. Individuals measuring >35 mm–50 mm was considered to be three-year-olds (Tables 8 

and 9). 

Stream temperature (°C) and discharge (presented as streamflow; ft³/s and m3/s) data from 

April 1, 2008 through March 01, 2023 were downloaded from the USGS water monitoring 

database in March 2023 (waterdata.usgs.gov). For this assessment, data from two water 

monitoring stations was accessed. The upstream gage at Cleveland (36.9448295, -82.1548569; 

Russell County, VA) and the downstream gage at Looneys Gap (36.57280708, -82.938754; 

Hancock County, TN) were chosen because both of these water gages record stream temperature 

and discharge. Stream temperature was recorded every 15 minutes at both gages and stream 

discharge was recorded every 15 minutes at the Cleveland gage and once a day at the Looneys 

Gap gage. While the Looneys Gap gage is closest to my three target sites, stream temperature 
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recording at this site ceased in 2019. Water temperature is still being monitored at Cleveland, 

and a comparison of stream temperature measurements from Cleveland and Looneys Gap 

indicated that while the water temperature at Cleveland was frequently slightly cooler than at 

Looneys Gap, the difference rarely exceeded 1°C for the average monthly temperature. 

Minimum and maximum monthly temperatures were more variable between the two sites, with 

Cleveland stream temperature often cooler than at Looneys Gap, and differences between the 

two sites frequently exceeding 1°C and a maximum difference of 3.5 °C. Due to the similarities 

in average monthly temperature and the completeness of the Cleveland stream gage data, I used 

Cleveland gage data for the recruitment analysis presented here. Monthly average stream 

discharge measurements from Cleveland were usually lower than at Looneys Gap, especially 

during years with heavy precipitation. The difference in stream discharge measurements between 

the two gages was between 688 ft³/s and 30,229 ft³/s (19.48 m3/s – 855.99 m3/s). The maximum 

monthly difference in stream discharge exceeded 107,639 ft³/s (3047.00 m3/s) and the average 

minimum stream discharge was below 10,735 ft³/s (303.98 m3/s). Large differences in average 

monthly stream discharge between the two gages (≥10,735 ft³/s; 303.98 m3/s) occurred 

infrequently, thus discharge data from the Cleveland gage was used for this recruitment 

assessment as well. 

Recruitment for these two species is likely affected most by spring, summer, and early fall 

stream temperature and discharge. During the fall, male mussels release sperm to disperse 

downstream and be siphoned in by a female, and in the spring female mussels release glochidia 

into the stream (either via broadcast or in conglutinates), which metamorphose to juveniles and 

then excyst from fish hosts to settle and burrow into the sediment. To account for these important 

times of the year, I narrowed my temperature and discharge data to between April 1 and 
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September 30 of each calendar year. This is a similar time-of-year period used in other 

recruitment assessments from long-term mussel population monitoring surveys (Ries et al. 

2016).  

To determine the effects of stream temperature and discharge on the recruitment of the target 

species, all stream temperature and discharge data were averaged across each month. Stream 

discharge data was available for every year of my mussel long-term mussel sampling data 

(2004–2014; 2017–2021). For stream temperature, I was unable to access data prior to April 

2008, but the Cleveland (VA) gage measured stream temperature through the last year of the 

long-term mussel survey data presented here. Monthly stream temperature and discharge 

averages, minimums, and maximums were determined for each month and year. Due to the use 

of only one stream gage located upstream of all three target sites (Frost Ford, Swan Island, and 

Wallen Bend, TN), recruits from each species (≤3 years old) were totaled across all three sites by 

year. A regression analysis comparing total yearly recruitment and either average monthly 

stream temperature or discharge are presented here. Given the six-month period for mussel 

recruitment in the Clinch River and the fact that sites were only surveyed once per calendar year 

(August or September), I utilized water temperature and stream discharge data from the previous 

calendar year during the assessment (i.e., water temperature or stream discharge data from 2008 

would affect 2009 juvenile recruitment). 

Medionidus conradicus and Ptychobranchus subtentus qualitative assessment 

For both species, data on their historical distributions was collected, and selected historical 

locations were visited between 2017 and 2021. Current and historical distributions of each 

species were determined from existing literature, previous mussel surveys, mussel databases, and 

from personal communication with expert malacologists. Data were then used to compile a list of 



151 
 

extant populations of each species with corresponding catch-per-unit-effort where relevant. At 

sites where I was able to collect live mussels, I recorded the species as an extant (‘present’) 

population at the site. At sites where I was unable to locate live individuals or was only able to 

collect shell, I recorded the species as ‘absent’. Site collection data for M. conradicus and P. 

subtentus is presented in Figures 6–7. 

Populations of M. conradicus and P. subtentus were surveyed between June 2017 and 

November 2021. During these surveys, number of mussels collected, mussel lengths, and general 

site characteristics (e.g., sediment type, cover, observed fish species) were documented, and 

catch-per-unit-effort (CPUE) was calculated where applicable. At these sites, mussels were 

collected by hand via wading or snorkeling, and a minimum of 100 m was surveyed. Further, the 

presence of shell for each species was documented. Many sites on the Middle Fork Holston 

River, VA were only accessible by kayak, in which case all habitat between the launching point 

and the target site was assessed for preferred mussel habitat (i.e., small to medium cobble and 

riffles) and all suitable habitat was surveyed. 

Results 

Medionidus conradicus and Ptychobranchus subtentus quantitative assessment 

In general, mussel densities of M. conradicus in the Clinch River at Wallen Bend, Frost Ford, 

and Swan Island increased between 2004 and 2014, but then decreased from 2017 and 2021 

(Table 2; Figure 1). Prior to 2014, densities of M. conradicus were highest at Frost Ford, whereas 

densities at Swan Island were consistently the lowest. At both Wallen Bend and Frost Ford, 

densities of M. conradicus generally increased from 2004 until 2010, and then began to decline 

to the 2004 density level. Unfortunately, no data was collected in 2015 and 2016, and the 

downward trend in mussel density may have started during these years. Ptychobranchus 
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subtentus densities likewise began to decline around 2010, with larger decreases in density 

recorded after the 2017 sampling season (Table 3; Figure 2).  

Estimates of abundance for both M. conradicus and P. subtentus were lowest at Swan Island 

and Wallen Bend, being consistently lower than Frost Ford (Figures 3 and 4).  While not as 

frequently sampled, density and abundance estimates at Kyles Ford were generally similar to 

those observed at Frost Ford during the same sampling year (Figure 5).  Mussel densities at 

Brooks Island were generally lower, and were more similar to the mussel densities observed at 

Swan Island, with the exception of the 1999 sampling year (Figure 5). With the exception of M. 

conradicus at Swan Island, the density and abundance estimates were more variable from 2017–

2021 than prior sampling years, and total number of collected mussels was lower in 2021 

compared to pre-2014 sampling years (Tables 2–5; Figures 1–5). 

Population growth rates varied by site in the Clinch River, TN. For populations of P. 

subtentus at Wallen Bend and Swan Island, the population growth rate was positive (4% and 1%, 

respectively). For the P. subtentus Wallen Bend population, the population growth rate was 

negative (-3%), though when considering the variance at the site (0.13), the population growth 

could range from more negative to positive. For M. conradicus, there is a similar pattern at the 

Frost Ford site, with population growth estimates at -7%, but a variance of 0.13, again indicating 

that the population growth could range from negative to positive. Population growth for the M. 

conradicus population at Wallen Bend was 0%, but with a variance of 0.11 this population to 

could be either exhibiting positive or negative growth. The Swan Island population of M. 

conradicus, however, had a strong negative trend of -22% population growth. Given this large 

negative growth and the relative neutral growth at both the Wallen Bend and Frost Ford sites, the 

total population growth for M. conradicus was estimated at -7%. For P. subtentus, total 
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population growth for all three Clinch River sites was estimated to be -1%, though the variance 

surrounding the mean was 0.05, again indicating that either negative or positive population 

growth could be occurring at these sites (Tables 6–7).  

Over the fifteen survey years, more large mussels and fewer smaller juveniles were collected 

during quadrat surveys at all three Clinch River (TN) sites between 2017 and 2021 than in the 

previous sampling years for both species, with sample size nearly half as large as the 2010–2014 

sampling period for every site except Wallen Bend (P. subtentus). For both species, the most 

mussels collected were at Frost Ford during the 2010–2014 sampling period. The fewest mussels 

were collected at Swan Island, with only 59 M. conradicus and 159 P. subtentus collected during 

the 2017–2021 sampling years (Figures 8 and 9). 

Live M. conradicus were collected at nearly every long-term survey site in the upper Clinch 

River in Virginia and in the Powell River in Tennessee (Tables 10 and 11). Densities ranged 

from 0.0100 (±0.010)–0.3900 (±0.030) mussels/m2 across sites (the mainstem Tennessee Clinch 

River sites of Wallen Bend, Frost Ford, Swan Island, and Kyles Ford are excluded). Thirty-two 

live M. conradicus were collected at the three sites surveyed in the Powell River in September 

2021. However, densities for P. subtentus were far lower, with live individuals collected at only 

one site in the upper Clinch River during this study period (Sycamore Lane, density = 0.12 

(±0.010) mussels/m2, Tables 12 and 13). Upper Brooks Bridge was the only site in the Powell 

River where two live P. subtentus were collected during a quantitative survey in September 

2021, though these individuals were adults translocated from the Clinch River. 

Medionidus conradicus and Ptychobranchus subtentus recruitment 

Average monthly stream temperature over the spring-summer-fall study period ranged from 

12.1°C in April 2018 to 25.7°C in July 2010. Across all years, April average stream temperatures 
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were the lowest, and July average temperatures were often the highest, with the exception of 

2014, when June average stream temperatures were higher. Average stream discharge rates were 

highest in April of each year, reaching a max average of 26,874.5 ft3/s (761.00 m3/s) in April 

2020.  

In general, the number of individuals ≤3 years of age decreased during each subsequent 

sampling year (Table 8, Figures 8 and 9). While the number of collected individuals decreased, 

regression analyses generally did not indicate a significant relationship between mean monthly 

stream temperature (Figures 10–11) or discharge and recruitment rates of M. conradicus and P. 

subtentus (Figures 12–13). The exception to this was P. subtentus recruitment, which was 

significantly affected by April (p = 0.0642; R2 = 0.224) and July (p = 0.00202; R2 = 0.506) 

stream discharges (Figure 13). While not significant at α = 0.1, April and July stream discharge 

may have slightly affected juvenile M. conradicus (p = 0.142; R2 = 0.147 and p = 0.201; R2 = 

0.114, respectfully; Figure 12). Of the six months of stream temperature data that were assessed, 

regression analyses from only June and September average stream temperature were close to 

indicating a significant effect on M. conradicus juvenile recruitment (Figure 10; p = 0.113 R2 = 

0.154 and p = 0.152, R2 =0.154, respectively). Average monthly stream temperature had no 

significant effect of P. subtentus recruitment (Figure 11).  

Medionidus conradicus and Ptychobranchus subtentus qualitative assessment 

My qualitative sampling efforts at historical M. conradicus and P. subtentus sites detected 

few to no live mussels outside of the Clinch River (Tables 11 and 13). Of the eight historical M. 

conradicus sites surveyed, I collected fewer than 15 live mussels in each of two Clinch River 

tributaries (Copper Creek and Big Moccasin Creek) and 13 live mussels in the North Fork 

Holston River (Table 11). I visited eleven historical P. subtentus sites and collected live mussels 
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at only five sites (Table 13). Within the Clinch River basin, more than 20 mussels were collected 

from Grissom Island, 13 from Clinchport, and an additional 3 mussels from the Little River in 

Honaker, VA. Outside of the Clinch River systems, 13 mussels were located in the Upper 

Cumberland River basin in Kentucky and an additional 20 live mussels were collected from the 

North Fork Holston River. The 400 m of the Middle Fork Holston River between Meadowview, 

VA and the Highway 58 bridge that was surveyed in October 2021 contains habitat that appeared 

suitable for both species. While I was able to collect live individuals from many other species; I 

collected only relic shells of P. subtentus and no live M. conradicus at these sites.  

Discussion 

Medionidus conradicus and Ptychobranchus subtentus quantitative assessment 

For all three Clinch River sites, estimated densities of M. conradicus either were maintained 

or increased between 2004 and 2014. At Frost Ford, for example, mussel densities were 

estimated to be 10.7 mussels/m2 in 2004. These estimated densities either stayed consistent or 

increased until 2010, when densities of M. conradicus were estimated to be 16.7 mussels/m2. By 

2014, estimated densities had decreased to 12.6 mussels/m2. This was a decrease compared to 

2010 estimates, but still exceeded 2004 density estimates. Density estimates starting in 2017 

were about half of the 2004 estimates (4.6 mussels/m2), and continued to decline until 2021 (3.9 

mussels/m2). It is possible that cyclical variation in mussel populations was observed in the pre-

2017 surveys, where populations increased and then decreased, potentially following the 

maximal reproductive capacity of one or two cohorts of recruits to the population. Where the 

potential concern lies regards the post-2017 data – these estimated densities for M. conradicus 

are much lower than the 2004–2014 surveys, and the 95% confidence intervals around the mean 

densities are narrower than previous estimates (Table 2). At Frost Ford, estimated mussel 
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densities of M. conradicus were 3.9 mussels/m2 in 2021, which is a 58% decrease in estimated 

densities during the lowest year prior to 2017 (9.3 mussels/m2 in 2006) and a 72% decrease 

compared to the highest density estimates prior to 2017 (14.2 mussels/m2 in 2012). Likewise, 

densities of M. conradicus in 2021 at Wallen Band were 77% lower than the highest estimated 

densities at this site in 2010 (11.5 mussels/m2). Overall, estimated densities of M. conradicus 

were the lowest at Swan Island for the three main Clinch River sites, with the highest estimated 

densities in 2012 (4.6 mussels/m2). Density estimates at this site in 2021 were 0.44 mussels/m2, a 

90% reduction in estimated mussel densities compared to 2012.  

Estimated densities for P. subtentus followed a similar pattern as M. conradicus, with mussel 

densities increasing or maintaining during the majority of the 2004–2014 sampling period at all 

three Clinch River sites, followed by a slight decline in density estimates during the 2017–2021 

sampling period (Table 3). While densities of this species have largely remained consistent in all 

three Clinch River sites during the 2017–2021 sampling period, comparisons with the estimates 

from the 2004–2014 sampling period indicate a steeper decline. Notably, at Frost Ford, the 2021 

density estimates for P. subtentus were 2.1 mussels/m2, a 45% decrease compared to 2004 

estimates (3.9 mussels/ m2) and a 58% decline compared to the highest recorded density at this 

site in 2010 (5.0 mussels/ m2). This is consistent across all three sites, with Swan Island density 

estimates declining by 54% between 2021 (2.0 mussels/m2) and 2012 (highest estimated density; 

4.3 mussels/m2) and a 63% decline in estimated densities at Wallen Bend between 2021 (1.8 

mussels/ m2) and 2010 (highest estimated density; 4.7 mussels/m2; Table 3). 

Outside of the three main Clinch River sites, estimated densities of M. conradicus were 

generally lower. In particular, the densities of M. conradicus in the Powell River increased from 

the 2016–2017 quantitative surveys (Hyde and Jones 2025).  Density estimates ranged between 
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0.12 and 0.25 mussels/m2 across all three survey sites in the Powell in 2021 (Table 10), while 

Phipps et al. (2018) estimated densities of 0.05 and 0.07 mussels/ m2 at Lower Brooks Bridge 

and Oakley Property, respectively. This suggests that the M. conradicus population may be 

increasing and recruiting more compared to previous years at these sites.  

Unfortunately, outside of the lower Clinch River, P. subtentus densities were zero. 

Interestingly, the only location in the upper Clinch River where P. subtentus was collected is the 

one site where no live M. conradicus were collected (Sycamore Lane, VA). The Bennett 

Property, VA, site was surveyed in the summer of 2020 and no live P. subtentus individuals were 

collected, but other recent quantitative surveys at this site detected them live (Phipps et al. 2018). 

Therefore, it is possible that individuals of P. subtentus are so uncommon in this location that 

they are easily missed during quantitative surveys.  

Abundance estimates at Wallen Bend for M. conradicus followed a similar trend as density 

estimates, with population abundance increasing or maintaining from 2004 (14,022 mussels) to 

2010 (42,312 mussels (Table 4). Starting in 2011, densities began declining again, with 2019 

estimates being the lowest of all sampling years (9,646 mussels). The last year of available 

survey data at this site (2021) estimated a population of 14,592 M. conradicus at Wallen Bend, 

slightly more than the estimated population in 2004, though still a 66% decline compared to the 

peak of the 2010 estimates. At Frost Ford, M. conradicus populations generally increased or 

maintained densities between 2004 and 2014, with a peak estimate of 226,667 in 2010. 

Population estimates starting in 2017 were far lower, with 2021 population estimates (53,550 

mussels) being 77% lower than peak population estimates at this site. Swan Island population 

estimates were the lowest of the three sites in the lower Clinch River, with a steep decline from 

2004, when populations of M. conradicus were estimated to be 55,875 mussels. Even the highest 
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population estimates at this site during the remaining sampling years (22,678 mussels) in 2013 

were a 60% decline compared to 2004, and 2021 (2,172 mussels) estimates were a 97% decline 

from the peak abundance (Table 4). These results indicate that there is site-specific variation in 

populations of this species, with Wallen Bend being the most consistent of the three sites and 

Frost Ford having the highest population estimates every sampling year (Table 4). 

Population abundance estimates of P. subtentus at all sites in the lower Clinch River 

followed an oscillating pattern, with populations increasing and subsequently declining every 

few years (Table 5). At Wallen Bend, the 2004 population estimates were low, with an estimated 

population size of 5,166 individuals. Population estimates at this site increased until 2009, where 

a peak estimate of 17,466 individuals was determined. Populations of this species then declined 

to 11,424 individuals in 2011, then increased to 16,219 individuals in 2014. Aside from the low 

2004 estimates, population estimates of P. subtentus have remained relatively low at this site 

since 2017, with estimates ranging from 6,156 in 2017 to 9,472 individuals in 2021. This 

represents a 66% decrease in population size compared to the peak population size in 2009, 

though P. subtentus populations appear to be similar in size since 2018 at this site (Table 5). 

Frost Ford P. subtentus population abundance estimates peaked in 2009 at 68,000 mussels, 

populations did oscillate between years. Estimates from 2021 at Frost Ford indicate a population 

of 28,900 individuals. While less than the peak estimate of 2009, the 2021 estimate is about 

average for estimates obtained during surveys conducted in 2014 and 2017–2021.  The 

maximum estimated population size at Swan Island was in 2011 at 21,199 individuals. While 

population estimates since 2013 have been lower for P. subtentus compared to 2006–2012, 

estimates have largely remained consistent, with a 2021 estimate of 9,955 individuals. This is 



159 
 

just slightly more than the estimate of 9120 individuals in 2013, the year that P. subtentus was 

federally listed (Table 5). 

I observed oscillations in the abundance of both M. conradicus and P. subtentus at all three 

sites in the lower Clinch River, TN during at least some of the sampling year periods. In 

particular, the 2004 – 2014 sampling period appears to have more distinct oscillating patterns, 

though this could be due to the length of the survey period compared to the 2017 – 2021 survey 

period, or due to other environmental or biological factors. One potential possibility is that the 

frequency and severity of severe storms, flooding, and drought events have increased during the 

post-2017 sampling years. Alternatively, population oscillations and the generally lower mussel 

density and abundance estimates post-2017 compared to 2014 and prior could be due to the 

presence of a densovirus pathogen that may be affecting certain freshwater mussel species 

(Richard et al. 2020). Currently, the most affected species appears to be Ortmanniana pectorosa 

(previously Actinonaias pectorosa), though it is unclear whether the densovirus is a direct cause 

of mortality or whether there are other compounding biotic or abiotic factors that could impact 

this or other mussel species. Currently, it does not appear that the densovirus has played a direct 

role in the demographic oscillations of M. conradicus and P. subtentus that were observed, but 

maintaining yearly surveys for the foreseeable future is an important step in ensuring that 

potential mass mortality events in these populations are documented quickly.     

While I did observe population growth and decline over the years of available data, it is 

important to consider the overall trends, as well as the variation between sampling years 

discussed above. For both species, population growth was variable by site, but most of the Clinch 

River site populations had a population growth and variance that included zero. By far the largest 

population decline was for M. conradicus at Swan Island – where the population decreased by 



160 
 

22% over the sampling years. Of the three Clinch River sites, Swan Island consistently had lower 

population density and abundance estimates for both species (Tables 2–7; Figures 1–4). While 

this site does not appear to have undergone recent habitat degradation, it is possible that there are 

environmental changes at Swan Island that are resulting in a loss of M. conradicus individuals.  

Stream discharge could be a factor for why mussel abundance fluctuates at Swan Island due to 

rapid increases in stream flow during precipitation events. In fact, due to the faster-flowing 

waters at this site, the mussel populations at Swan Island are really only accessible when stream 

discharge is <800 cfs or lower, as it can be dangerous to cross the Clinch River at this site when 

flows are higher. Given that M. conradicus is a relatively small, lightweight mussel prone to 

displacement in the river, larger and more frequent precipitation events (e.g., Hurricanes 

Florence and Michael) may have resulted in downstream displacement of some individuals of 

this species. This mechanism could also explain why P. subtentus population growth was not as 

strongly negative at this site – the larger, generally older individuals of this species are able to 

withstand higher flow rates and avoid downstream displacement compared to the smaller M. 

conradicus individuals. Of course, it is also possible that I estimated population growth rates 

during a distinct downward oscillation in the M. conradicus population, and the upward portion 

of the oscillation did not occur until a later sampling year. 

 Between 2017–2021, more, larger and fewer smaller juveniles of both species were collected 

during quadrat surveys at all three Clinch River, TN sites than in the previous sampling years 

(Figures 8 and 9), which is an indicator of reduced recruitment in these latter years. This trend 

was very apparent for P. subtentus in particular, as the numbers of mussels collected that were 

≤35 mm in length during the 2004–2009 and 2010–2014 sampling periods were more than 

double those of individuals of that same length collected between 2017–2021 (Figure 9). 
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Furthermore, the number of P. subtentus exceeding 100 mm in length doubled at Swan Island 

between the 2017–2021 sampling years (24 mussels) and the 2010–2014 sampling years (12 

mussels). During the 2004–2009 sampling years, only 6 mussels exceeding 100 mm in length 

were collected. One issue with the data is that there were many mussels that were collected 

during the 2004–2014 survey periods that were not measured. For M. conradicus, 156 collected 

mussels at Frost Ford were not measured during the 2004–2009 sampling years, with the bulk of 

those mussels (125) being from the 2004 sampling year. While surveyors likely measured a 

representative sample of the collected mussels, it is possible that the unmeasured mussels 

represent a portion of the larger mussel lengths that were less common during these sampling 

periods. Alternatively, it is possible the survey methods were not conducive to observing rarer 

species, such as P. subtentus, or smaller individuals, as quantitative survey methods lacking 

sieving may miss smaller individuals (Strayer et al. 1997). Another consideration with these data 

is that the sampling design and methods changed slightly over the 15 sampling years as 

population trends and mussel abundance decreased after 2016. Some of the earlier sampling 

years are represented by fewer quadrats, which could explain some of the results observed in 

Tables 10 and 12. More quadrats were sampled during later sampling years, which likely 

improved the ability to locate mussels that may have been rarer at that site (Metcalfe-Smith et al. 

2000). Despite the increase in quadrats sampled, the number of M. conradicus and P. subtentus 

that were collected starting in 2017 was not drastically higher than in previous sampling years, 

further suggesting that population numbers of both these species are declining. I refrained from 

directly comparing sampling years in favor of overall trends, and any future considerations 

should do the same or compare the frequency of observed lengths during each sampling year 

instead of the number of collected individuals. 
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Medionidus conradicus and Ptychobranchus subtentus recruitment 

Overall, recruitment for both species appears to be decreasing over time, though average 

April–September stream temperature or discharge does not appear to be significantly affecting 

total yearly recruitment. It is possible that separating the stream temperature and discharge data 

into monthly averages is too broad of a classification to determine the effects of these variables 

on juvenile mussel recruitment. Narrowing the analysis to more specific stream temperature or 

discharge parameters may elucidate any connections between these factors and mussel 

recruitment. For example, Ries et al. (2016) determined that Amblema plicata populations in a 

side channel of Pool 5 in the Upper Mississippi River had the best recruitment during years with 

low April minimum flows and July maximum flows. Further, I assessed total juvenile 

recruitment (≤ 3-year-old mussels) each year compared to stream temperature or discharge. If 

only a subset of the juvenile mussels is assessed, some year classes were significantly affected by 

either temperature or discharge. For example, M. conradicus recruitment was not significantly (p 

= 0.142, R2 = 0.147) affected by April stream discharge for mussels ≤3 years old. If this data is 

broken down by age-classes, 1 year old M. conradicus (≤20 mm) and 3-year-old M. conradicus 

(>30–40 mm) were not significantly affected by stream discharge (p = 0.220 and p = 0.301, 

respectively). Two-year-old M. conradicus (>20–30 mm), however, were significantly affected 

by April stream discharge (p = 0.0844). It is likely that this result may be due to the greater 

detectability of the larger mussels (>30 mm) and the likelihood of the smaller mussels (≤20 mm) 

maintaining their place within the sediments by using a byssus thread or by residing within or 

near the roots of in-stream vegetation, which can be difficult to survey. Further, it is possible that 

P. subtentus recruitment numbers were simply too low to establish a correlation with 

temperature, particularly during the later years of the survey data. Only 11–15 individuals ≤3 
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years old were collected during the last three survey years (2019–2021), compared to 47–61 ≤3 

years old collected ten years prior (Figure 9). Survey data indicated that the populations of P. 

subtentus in the Clinch River are aging, and few younger individuals are being observed during 

sampling events. It is possible more of a relationship between temperature and P. subtentus 

recruitment would have been observed if recruitment had been more consistent throughout the 

sampling years. 

While it would not have indicated a significant effect on recruitment at α = 0.1, comparing 

each M. conradicus age-class to average April stream temperature indicates that the 1-year-old 

mussels (≤20 mm) were potentially likely to be affected by stream temperature (p = 0.264). This 

could be due to the tendency of ~1 year old mussels to remain buried deep in the sediments 

which would likely provide a thermal refuge. Results from the long-term stream water 

temperature analysis presented in Chapter 3 of this dissertation indicate that sediment 

temperature is often cooler and less variable than stream temperature. The fact that younger 

mussels are more likely to be buried in the sediment may mean that they are also less likely to be 

exposed to warmer or quickly shifting water temperatures. Larger, older individuals may be 

more able to withstand higher water temperatures, potentially due to having a thicker shell or 

being able to tightly close their shell valves to prevent desiccation. In general, I did not observe 

significant effects of either stream temperature or discharge on most age classes of either species, 

thus the data is presented as an analysis with all age classes combined for each calendar year. 

Average monthly flow rates were consistently the highest during April, with flows ranging 

from 3,634 ft³/s in 2016 to 26,901 ft³/s (102 m3/s – 761 m3/s) in 2020. Of the 20 years of stream 

discharge data that I accessed, 13 of those years had average monthly stream discharge of over 

10,735 ft³/s (303.98 m3/s) in April, compared to just 10 months throughout the rest of the 
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timeframe. The lowest average monthly discharge rates were often in September of each year, 

though extreme weather events may have contributed to higher-than-normal average September 

discharge during some years. In particular, extreme weather events in recent years may have 

affected the target mussel populations, including the remnants of two large hurricanes passing 

through the area in September (Florence) and October (Michael) of 2018 and large flooding 

events in the headwaters of the Clinch in February 2020. While the stream discharge data did 

include the discharge measurements recorded from Hurricane Florence in mid-September of 

2018, if they had an effect on the mussel populations in the area, it would not have been 

observed until 2019 at the earliest, as this event occurred after the yearly sampling event had 

been conducted. I expect that large flooding events are not only capable of displacing young 

mussels downstream, but likely also small adult mussels. In particular, M. conradicus are known 

to be prone to downstream displacement during normal flow periods due to the small overall size 

of adults of this species, especially during the late summer and early fall when mussels are near 

the surface to reproduce. While older and larger P. subtentus may be capable of maintaining their 

stream position during extreme flows, younger adults may still be displaced. Individuals of this 

species do not become reproductively active until they are 6–7 years old (Davis and Layzer 

2012) and given the long lifespan and growth capabilities of this species, these younger, newly 

reproducing individuals would still be small enough to be prone to downstream displacement. 

Further, with the long lifespan and delayed maturity of P. subtentus, it is possible that reduced 

reproductive output of this species was affected prior to or early during the early survey periods 

of this study. Thus, we may just now be observing this low level of recruitment now (Table 8; 

Figure 9).  
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It is also possible that stream temperature and discharge did have an effect on juvenile 

recruitment, but that the effect was site specific. Being that I was only able to access complete 

stream temperature and discharge data from one location upstream of all three target sites, I 

elected to combine recruitment numbers for all three sites per year for this assessment. Given the 

generally low numbers of younger individuals that were observed during these surveys (Table 8; 

Figures 8 and 9), the trend of collection toward older individuals, and the fact that both stream 

temperature and the frequency of extreme weather events are expected to increase with global 

climate change, I recommend that long-term monitoring of these important mussel sites include 

frequent stream temperature and discharge measurements from near each site. In Chapter 3 of 

this dissertation, site-specific temperature data was shown to be important for assessing the 

habitat and ecology of the Virginia-state endangered Lasmigona holstonia. For this assessment, 

stream temperatures of up to 28.5°C were recorded in small, cool headwater streams, and the 

occurrence of precipitation and storm events was determined based on changes in stream 

temperature. Given the wide variety of mussels, including threatened and federally listed 

mussels, inhabiting Frost Ford, Swan Island, and Wallen Bend, collecting frequent site-specific 

stream temperature and discharge measurements may prove important for mitigating expected 

effects on mussels from rising stream temperatures and increased frequency of storms.  

Additionally, it is possible that I was unable to determine the metrics in the stream 

temperature and discharge data that had the greatest effect on recruitment. I used monthly 

averages, though other studies have used potentially more indicative metrics such as 7-day 

temperature maximums or frequency of low flow pulses (Ries et al. 2016). I may be able to 

improve upon the understanding of how these more specific metrics may affect mussel 

recruitment with future analysis, though lapses in data availability made it difficult to ensure data 
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accuracy at the present time. An example of how more precise and narrow data may be 

indicative of effects on mussel recruitment and mussel populations in general may be on July 3, 

2018, when mussels were sampled at Wallen Bend and Frost Ford, TN. During this sampling 

event, I observed higher than anticipated water temperatures, with the water so warm that 

surveyors began to feel ill while snorkeling. Data from the Cleveland (VA) gage recorded a 

maximum temperature of 28.7°C on July 3, 2018 and a maximum temperature of 29.4°C the 

following day. The Looneys Gap (TN) gage recorded a maximum stream temperature of 28.7°C 

on July 3, 2018 and a maximum temperature of 29.3° on July 4, 2018. The maximum 

temperature recorded the following day, on July 5, 2018 was 29.9°C at the Looneys Gap (TN) 

gage, a 7.7°C increase in maximum temperature from one week prior on June 28, 2018. While 

the maximum water temperature that week was recorded on July 4, 2018 at the Cleveland gage 

(29.4°C), this was also a 7.7°C increase in water temperature over the maximum temperature 

recorded the week prior. Stream temperature data from both of these gages indicates that the 

water temperature rose consistently each day for a week before returning closer to the monthly 

average maximum temperature of ~25°C. Further, while maximum stream temperatures 

increased drastically, minimum stream temperatures were also high, with the Looneys Gap (TN) 

gage recording minimum stream temperatures between 27.5–27.7°C during the time period of 

July 4, 2018–July 6 2018, as opposed to minimum temperatures ~25.5°C in the two days 

surrounding this time period. About two weeks later, researchers from a separate team visited the 

Wallen Bend site and documented a large number of freshly dead Actinonaias pectorosa mussels 

(Time Lane, Virginia Department of Wildlife Resources, personal communication). This was 

especially concerning, given the high numbers of mussels of this species that have been 

discovered freshly dead in recent years (Richard 2018). These die-off events appear to be tied to 
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the presence of a virus, and complications from virus infection and the effects of global climate 

change may compound to increase mass mussel mortality events (Richard et al. 2020). 

Recruitment data for this year (2018) and the following year also point to a potential concern. 

During the fall 2018 sampling survey, 158 ≤3-year-old M. conradicus were collected. The 

following year, fewer ≤3-year-old M. conradicus were collected – only 76 individuals. This trend 

was observed in P. subtentus as well, with 24 individuals ≤3 years old collected during the fall 

2018 surveys and only 14 collected the following year. It is possible that the extremely high-

water temperatures observed during this time period affected the viability and survival of the 

younger mussels or their fish hosts, resulting in lower recruitment numbers for the following 

year.  

Medionidus conradicus and Ptychobranchus subtentus qualitative assessment 

In general, few mussels of either species were collected during qualitative surveys, with live 

mussels documented at only three (M. conradicus) to five (P. subtentus) of the surveyed sites. 

This may be due to the fact that many of the sites for the qualitative assessment are considered 

deteriorating mussel habitat, plagued by run-off and pollution or large flooding events. Unlike 

the large mussel beds in the Tennessee side of the Clinch River that are surveyed every year (i.e., 

Frost Ford, Wallen Bend, Swan Island, and Kyles Ford), the sites that I surveyed for the 

qualitative portion of this assessment are only visited every few years, potentially even less 

frequently. In fact, some of the sites in the Middle Fork Holston had not been surveyed since the 

1990s and early 2000s (Henley 1999). Recent surveys have indicated that mussel abundance in 

the Middle Fork Holston has declined drastically since 1999, and recruitment appears to be low 

(Henley et al. 2013). Even though ~800 m total of the Middle Fork Holston River was surveyed, 

I encountered no live M. conradicus or P. subtentus, suggesting that the mussel fauna in these 
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stream areas could have died off due to degraded habitat and water quality issues or mussels 

were pushed downstream by high flows. Given the concerning declining trends here, particularly 

with the low observed number of P. subtentus throughout this assessment, I recommend 

surveying these sites on a more consistent basis.  

Conclusions 

I observed oscillations in the abundance of both M. conradicus and P. subtentus at all three 

sites in the lower Clinch River during at least some of the sampling year periods. In particular, 

the 2004–2014 sampling period appears to have more distinct oscillating patterns, though this 

could be due to the longevity of the survey period compared to the 2017–2021 survey period, or 

due to other environmental or biological factors. One potential possibility is that the frequency 

and severity of severe storms, flooding, and drought events have increased during the post-2017 

sampling years.     

While populations appear to have declined during the 2017–2021 sampling years compared 

to the 2004–2014 sampling years, perhaps the more concerning pattern is the consistent 

collection of larger, and thus older, P. subtentus and the apparently low recruitment levels for 

both species at all three sites in the lower Clinch River. Due to their longer lifespans, mussel 

populations can appear to be thriving, but this can be deceiving. Senescence is the process of 

aging and gradual deterioration of the ability of an individual to maintain certain biological 

processes. This can include an inability for an individual to maintain their basic biological 

functions at a level required for optimum function or a level required to handle significant 

stressors. Additionally, senescence can result in a reduction or ending of reproductive success in 

an individual. This can be particularly important when considering individuals with longer life 

spans, including freshwater mussels. The presence of adult mussels alone does not indicate a 
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stable population, as older mussels may no longer be reproducing at the level of younger 

mussels, if they are reproducing at all. While not extensively studied in most species of 

freshwater mussels, senescence was documented to occur in Spanish populations of Eastern 

Pearlshell Margaritifera margaritifera (Hassall et al. 2017), and perhaps more importantly, was 

shown to be variable between populations. Margaritifera margaritifera is a very long-lived 

species, with age estimates of 200 years for some populations (Helama and Valovirta 2008). Due 

to its long lifespan (though admittedly not as long as M. margaritifera), information gleaned 

from its senescence is likely relevant to P. subtentus. Hassall et al. (2017) determined that the 

rates of senescence were affected by the variation in the thermal environments of each 

population, suggesting that global climate change may be a threat to the reproductive potential of 

these populations. Given that we are already seeing the effects of global climate change on the 

survival and physiology of freshwater mussels, and the fact that extremely hot water temperature 

has been observed at these sites in the Clinch River, it is likely that P. subtentus populations 

could be susceptible to thermal conditions which hasten senescence. 

While I presented survey data only through 2021 here, the yearly mussel surveys at these 

sites have been ongoing. Ideally, population monitoring will continue at these sites, as 

quantitative assessments will likely be an early indicator of concerning population depletion or 

mussel die-off. Given the availability of researcher’s time and effort, I would suggest adding a 

tagging protocol to the yearly surveys for P. subtentus. It is evident from the recorded lengths of 

collected individuals that there are longer, older individuals in the population compared to 

smaller and younger recruits. This aging population could have significant effects on the ability 

of P. subtentus to persist in these sites, as reproductive potential likely declines with age. While 

the overall trend indicates an aging population, unfortunately, I am unable to confirm that the 
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same individuals were collected in repeat years because they are currently not marked with a 

unique tag. I suspect that this is the case, but tagging even 20–30 individuals during one survey 

event and recording any future encounters with the tagged individuals would help inform 

resource managers about the condition and reproductive potential of aging individuals.  
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Table 1. Sampling site, location, effective sampling area, and years sampled for sites quantitatively monitored in 

the Clinch River in Tennessee. 
   

Site 

River 

kilometer 

(River mile) 

Latitude Longitude 

Effective 

sampling 

area (m2) 

Years sampled 

Wallen Bend, TN 309.6 (192.4) 36.5798441 -83.0047563 10,311 2004–2014, 2017–2021 

Kyles Ford, TN 305.1 (189.6) 36.5656077 -83.04127957 ~15,000 

1979, 1988, 1994, 1999, 

2004, 2016–2021 

Brooks Island, TN 295.3 (183.5) 36.5656077 -83.04127957 ~6,000 

1979, 1988, 1994, 1999, 

2004–2005 

Frost Ford, TN 291.8 (181.3) 36.5304722 -83.1509167 13,623 2004–2014, 2017–2021 

Swan Island, TN 277.1 (172.2) 36.473056 -83.289861 5,760 2004–2014, 2017–2021 
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Table 2.  Density, standard error (SE), and upper and lower 95% confidence intervals (CI) for Medionidus conradicus at 

multiple sites in the Clinch River from 1979–2021. Data are from aAhlstedt et al. 2016; bJones et al. 2014; cJones et al. 

2018; dCaitlin Carey (Virginia Tech) and Brett Ostby (Daguna Consulting; unpublished data); ePhipps et al. 2018.  

Site (River Mile) Year Density SE Lower 95% CI Upper 95% CI 

Wallen Bend (192.4) 2004 b 3.8 0.09 2.6 5.5 
 2005 b 4.3 0.07 3.3 5.6 

 2006 b 4.1 0.08 3.0 5.4 

 2007 b 6.3 0.10 4.9 8.0 

 2008 b 9.2 0.17 6.9 12.2 

 2009 b 10.7 0.15 8.5 13.3 

 2010 c 11.5 0.15 9.4 14.0 

 2011 c 6.1 0.09 4.6 8.0 

 2012 c 6.1 0.10 4.6 8.2 

 2013 c 4.8 0.07 3.7 6.3 

 2014 c 5.6 0.09 4.1 7.6 

 2017 d 5.5 0.15 4.4 6.8 

 2018 d 2.1 0.37 0.7 6.5 

 2019 d 1.8 0.42 0.3 10.3 

 2020 d 2.1 0.20 1.0 4.4 

 2021 d 2.7 0.30 1.2 6.1 

Kyles Ford (189.6) 1979 a 2.4 0.17 0.3 0.9 

 1988 a 2.2 0.16 0.3 0.9 

 1994 a 10.3 0.34 1.9 3.2 

 1999 a 22.1 0.63 4.3 6.8 

 2004 b 19.1 0.63 3.5 6.0 

 2016 e 5.8 0.33 3.8 8.9 

 2017 e 6.0 0.55 3.3 10.7 

 2018 d 5.1 0.28 3.4 7.7 

 2019 d 4.1 0.48 1.8 9.8 

 2020 d 4.0 0.47 1.7 9.5 

 2021 d 3.8 0.07 3.3 4.4 

Brooks Island (183.5) 1979 a 0.0 0 – – 

 1988 a 0.0 0 – – 

 1994 a 0.5 0.06 0.0 0.2 

 1999 a 5.7 0.30 0.8 2.0 

 2004 a 0.5 0.06 0.0 0.2 

 2005 b 2.4 0.12 0.4 0.8 

Frost Ford (181.3) 2004 b 10.7 0.13 8.8 13.0 

 2005 b 9.7 0.14 7.8 12.2 

 2006 b 9.3 0.14 7.4 11.8 

 2007 b 12.5 0.17 10.1 15.4 

 2008 b 14.1 0.19 11.5 17.4 

 2009 b 11.4 0.11 9.4 13.8 

 2010 c 16.7 0.19 14.0 19.8 

 2011 c 14.1 0.14 11.8 16.9 

 2012 c 14.2 0.13 12.1 16.6 

 2013 c 11.6 0.13 9.5 14.1 

 2014 c 12.6 0.14 10.3 15.3 

 2017 d 4.6 0.29 2.8 7.3 

 2018 d 5.9 0.51 3.1 11.2 

 2019 d 3.2 0.50 1.0 10.3 

 2020 d 4.0 0.50 1.5 10.1 

 2021 d 3.9 0.23 2.6 6.0 
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Table 2 continued.   

Site (River Mile) Year Density SE Lower 95% CI Upper 95% CI 

Swan Island (172.2) 1979 a 0.1 0.03 0.0 0.1 
 1988 a 0.0 0 – – 

 1994 a 1.0 0.11 0.0 0.5 

 1999 a 2.0 0.12 0.3 0.7 

 2004 b 1.9 0.06 1.1 3.1 

 2005 b 0.5 0.03 0.2 1.2 

 2006 b 1.1 0.04 0.6 2.1 

 2007 b 2.7 0.06 2.0 3.8 

 2008 b 1.7 0.05 1.1 2.6 

 2009 b 2.9 0.07 2.0 4.4 

 2010 c 4.1 0.08 3.0 5.6 

 2011 c 3.2 0.05 2.4 4.5 

 2012 c 4.6 0.08 3.4 6.2 

 2013 c 1.4 0.04 0.9 2.2 

 2014 c 1.6 0.04 1.0 2.6 

 2017 d 0.6 0.09 0.2 1.6 

 2018 d 0.5 0.07 0.2 1.5 

 2019 d 0.6 0.08 0.2 1.7 

 2020 d 0.7 0.02 0.6 0.9 

 2021 d 0.4 0.04 0.2 0.8 

 

  



179 
 

 

Table 3. Density, standard error (SE), and upper and lower 95% confidence intervals for Ptychobranchus subtentus at 

multiple sites in the Clinch River from 1979–2021. Data are from aAhlstedt et al. 2016; bJones et al. 2014; cJones et al. 

2018; dCaitlin Carey (Virginia Tech) and Brett Ostby (Daguna Consulting; unpublished data); ePhipps et al. 2018. 

Site (River Mile) Year Density SE Lower 95 Upper 95 

Wallen Bend (192.4) 2004 b 1.8 0.05 1.2 2.8 
 2005 b 1.4 0.04 0.9 2.2 

 2006 b 2.9 0.07 2.0 4.2 

 2007 b 3.2 0.06 2.3 4.4 

 2008 b 4.1 0.10 2.9 6.0 

 2009 b 4.2 0.09 3.1 5.8 

 2010 c 4.7 0.09 3.5 6.4 

 2011 c 3.1 0.05 2.3 4.3 

 2012 c 2.1 0.05 1.4 3.3 

 2013 c 2.9 0.05 2.0 4.0 

 2014 c 2.6 0.06 1.8 3.8 

 2017 d 3.0 0.34 1.3 7.0 

 2018 d 1.1 0.22 0.3 3.8 

 2019 d 1.7 0.28 0.5 5.7 

 2020 d 1.7 0.11 1.0 2.8 

 2021 d 1.8 0.15 1.0 3.3 

Kyles Ford (189.6) 1979 a 4.2 0.27 0.5 1.6 

 1988 a 0.6 0.06 0.0 0.3 

 1994 a 5.6 0.24 0.9 1.9 

 1999 a 20.3 0.55 4.0 6.1 

 2004 b 15.4 0.56 2.8 5.0 

 2016 e 3.7 0.13 2.9 4.8 

 2017 e 3.9 0.18 2.9 5.2 

 2018 d 4.0 0.14 3.1 5.2 

 2019 d 3.7 0.47 1.4 9.6 

 2020 d 4.1 0.69 1.1 14.4 

 2021 d 3.7 0.41 1.6 8.5 

Brooks Island (183.5) 1979 a 0.2 0.04 0.0 0.1 

 1988 a 0.5 0.06 0.0 0.2 

 1994 a 1.1 0.12 0.0 0.5 

 1999 a 8.6 0.35 1.5 2.8 

 2004 a 3.4 0.26 0.3 1.4 

 2005 b 4.2 0.23 0.6 1.5 

Frost Ford (181.3) 2004 b 3.9 0.07 2.9 5.2 

 2005 b 3.2 0.07 2.2 4.6 

 2006 b 2.7 0.06 1.9 3.7 

 2007 b 2.4 0.06 1.6 3.5 

 2008 b 3.0 0.06 2.2 4.0 

 2009 b 3.7 0.05 2.8 4.9 

 2010 c 5.0 0.10 3.7 6.8 

 2011 c 3.7 0.06 2.7 4.9 

 2012 c 4.6 0.07 3.5 6.0 

 2013 c 4.4 0.06 3.4 5.7 

 2014 c 3.9 0.07 2.9 5.3 

 2017 d 2.1 0.21 1.0 4.5 

 2018 d 2.4 0.12 1.6 3.5 

 2019 d 1.6 0.12 0.9 2.8 

 2020 d 2.2 0.37 0.6 7.7 

 2021 d 2.1 0.25 0.9 5.1 
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Table 3 continued.  
Site (River Mile) Year Density SE Lower 95% CI Upper 95% CI 

Swan Island (172.2) 1979 a 0.1 0.03 0.0 0.0 

 1988 a 0.0 0 – – 

 1994 a 0.8 0.08 0.0 0.4 

 1999 a 1.6 0.13 0.1 0.7 

 2004 b 5.6 0.10 4.3 7.3 

 2005 b 1.7 0.05 1.1 2.8 

 2006 b 1.6 0.05 1.0 2.7 

 2007 b 2.4 0.06 1.6 3.5 

 2008 b 2.9 0.07 2.0 4.3 

 2009 b 4.1 0.07 3.0 5.6 

 2010 c 3.7 0.08 2.6 5.3 

 2011 c 3.0 0.06 2.1 4.3 

 2012 c 4.3 0.07 3.2 5.8 

 2013 c 2.6 0.05 1.8 3.6 

 2014 c 1.8 0.04 1.2 2.8 

 2017 d 1.0 0.08 0.6 1.7 

 2018 d 1.8 0.06 1.5 2.3 

 2019 d 1.9 0.32 0.6 6.7 

 2020 d 2.0 0.41 0.4 9.2 

 2021 d 2.0 0.13 1.3 3.2 
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Table 4. Population abundance estimates ± standard error (SE) and 95% confidence intervals for Medionidus 

conradicus at multiple sites in the Clinch River from 2004–2021. Data sources are a Phipps et al. 2018; b Hyde and 

Jones 2025; c Jones et al. 2014; d Jones et al. 2018; e Ahlstedt et al. 2016; f Caitlin Carey (Virginia Tech) and Brett Ostby 

(Daguna Consulting; unpublished data).             

Site (River Mile) Year Pop Est SE Lower 95 Upper 95 
Effective sampling area 

(approx.) 

Bennett (277.5) 2017 a 2000 – 526.9 7591.5 8406 

 2020 b 3424 335.0 1835.8 6386.4 8406 

Artrip (274.5) 2017 a 404 – 212.3 768.4 4381 

 2021 b 787 80.0 414.0 1497.8 4381 

Whited (272.7) 2017 a 464.8 – 195.9 1102.7 5577 

 2021 b 547 96.0 179.3 1672.6 5577 

Cleveland 

Islands (270) 
2017 a 132 – 5.6 3118.8 4276 

 2021 b 212 43.0 58.6 768.0 4276 

Wallen Bend 

(192.4) 
2004 c,d,e 14022 268.5 9699.1 20271.7 10311 

 2005 c,d,e 15990 280.4 12325.6 20743.8 10311 

 2006 c,d,e 15006 365.4 11232.3 20047.5 10311 

 2007 c,d,e 23124 620.3 18100.2 29542.2 10311 

 2008 c,d,e 33948 565.8 25575.7 45061.0 10311 

 2009 c,d,e 39360 535.7 31499.2 49182.6 10311 

 2010 c,d,e 42312 476.7 34772.7 51486.0 10311 

 2011 c,d,e 32769 542.0 24984.1 42979.6 10311 

 2012 c,d,e 32944 386.4 24536.3 44232.6 10311 

 2013 c,d,e 25875 502.1 19708.5 33970.9 10311 

 2014 c,d,e 29974 831.7 22086.9 40677.6 10311 

 2017 f 29459 1998.6 23869.2 36357.8 10311 

 2018 f 11286 2263.8 3656.3 34837.2 10311 

 2019 f 9646 1832.7 1677.9 55452.5 10311 

 2020 f 11210 1115.0 5341.9 23524.3 10311 

 2021 f 14592 1595.6 6459.6 32962.7 10311 

Kyles Ford 

(189.6) 
2016 a 87320 7113.4 57440.0 132743.3 15000 

 2017 a 89625 3648.0 50119.9 160268.5 15000 

 2018 f 77924 6223.0 50708.2 119746.9 15000 

 2019 f 55696 298.9 43160.1 71871.5 15000 

 2020f 52548 6072.1 22210.6 124323.1 15000 

 2021f 49762 974.5 43004.4 57581.5 15000 

Frost Ford 

(181.3) 
2004 c,d,e 145067 1933.9 119269.0 176445.1 13623 

 2005 c,d,e 132373 1914.4 105549.2 166013.6 13623 

 2006 c,d,e 126933 2336.3 100473.4 160360.7 13623 

 2007 c,d,e 169547 2543.8 136941.2 209916.3 13623 

 2008 c,d,e 192213 1544.6 156566.4 235975.5 13623 

 2009 c,d,e 154831 2542.1 128159.0 187053.8 13623 

 2010 c,d,e 226667 1898.6 190499.5 269701.1 13623 

 2011 c,d,e 192390 1712.7 161051.3 229826.8 13623 

 2012 c,d,e 192440 1745.3 164241.7 225479.7 13623 

 2013 c,d,e 157760 1893.6 129556.3 192103.6 13623 

 2014 c,d,e 170680 3937.8 140089.1 207950.9 13623 

 2017 f 61953 6901.4 38578.1 99489.8 13623 

 2018 f 80199 6820.4 42233.0 152295.1 13623 

 2019 f 43425 4272.6 13471.1 139983.5 13623 

 2020 f 53856 6788.3 21051.5 137779.9 13623 

 2021 f 53550 3061.1 34974.1 81992.1 13623 
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Table 4 continued.  

Site (River Mile) Year Pop Est SE Lower 95 Upper 95 
Effective sampling area 

(approx.) 

Swan Island  

(172.2) 
2004 c,d,e 55875 141.3 45030.5 69331.1 5760 

 2005 c,d,e 9203 218.6 5563.3 15224.0 5760 

 2006 c,d,e 2629 280.1 1143.1 6046.4 5760 

 2007 c,d,e 5587 228.4 3046.4 10246.5 5760 

 2008 c,d,e 13475 352.4 9763.5 18597.5 5760 

 2009 c,d,e 8217 405.2 5340.7 12642.5 5760 

 2010 c,d,e 14516 270.0 9626.1 21889.8 5760 

 2011 c,d,e 20377 387.7 14972.6 27732.1 5760 

 2012 c,d,e 15995 176.1 11635.4 21988.2 5760 

 2013 c,d,e 22678 209.7 16727.5 30745.3 5760 

 2014 c,d,e 7148 444.6 4609.9 11083.5 5760 

  2017 f 8134 362.8 5140.5 12870.7 5760 

 2018 f 2928 411.4 1114.0 7696.1 5760 

 2019 f 2618 333.5 932.1 7353.1 5760 

 2020 f 3536 119.8 2747.0 4551.6 5760 

 2021 f 2172 180.5 1169.2 4034.8 5760 
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Table 5. Population abundance estimates ± standard error (SE) and 95% confidence intervals for Ptychobranchus subtentus 

at multiple sites in the Clinch River from 2004–2021. Data sources are from aPhipps et al. 2018; b =Hyde and Jones 2025; c 

Jones et al. 2014; dJones et al. 2018; eAhlstedt et al. 2016; fCaitlin Carey (Virginia Tech) and Brett Ostby (Daguna 

Consulting; unpublished data).             

Site  

(River Mile) 
Year Pop Est SE Lower 95 Upper 95 

Effective sampling area 

(approx.) 

Bennett
 
(277.5) 2017

 a
 375 – 130.4 1078.7 8406 

 2020 b 411 68.0 143.4 1177.7 8406 

Artrip
 
(274.5) 2017

 a
 51 – 2.2 1179.2 4381 

 2021 b 0 – – – 4381 

Wallen Bend 

(192.4) 
2004 c,d,e 5166 148.7 3306.6 8071.1 10311 

 2005 c,d,e 10578 256.1 7268.7 15393.9 10311 

 2006 c,d,e 11808 238.3 8636.1 16144.9 10311 

 2007 c,d,e 15252 361.5 10562.8 22023.0 10311 

 2008 c,d,e 15498 317.8 11278.6 21295.9 10311 

 2009 c,d,e 17466 336.7 12954.7 23548.4 10311 

 2010 c,d,e 16874 292.4 12215.1 23309.9 10311 

 2011 c,d,e 11424 275.2 7420.4 17587.8 10311 

 2012 c,d,e 15371 287.8 10926.5 21623.4 10311 

 2013 c,d,e 14090 295.7 9611.2 20655.8 10311 

 2014 c,d,e 16219 1820.3 7027.3 37433.4 10311 

 2017 f 6156 1166.4 1843.0 20562.1 10311 

 2018 f 9275 1497.4 2784.9 30890.3 10311 

 2019 f 9275 1497.4 2784.9 30890.3 10311 

 2020 f 9145 613.1 5549.0 15071.3 10311 

 2021 f 9472 780.6 5125.4 17504.8 10311 

Kyles Ford 

(189.6) 
2016

 a 50530 2352.9 37569.6 67961.3 15000 

 2017 a 52245 1853.7 40106.3 68057.7 15000 

 2018 c 47975 6192.8 18332.9 125544.9 15000 

 2019 f 27608 476.5 21127.6 36076.1 15000 

 2020 f 52896 8997.0 14890.9 187898.8 15000 

 2021 f 48928 5411.8 21457.1 111569.2 15000 

Frost Ford 

(181.3) 
2004 c,d,e 43520 1012.1 30349.0 62407.0 13623 

 2005 c,d,e 36267 776.6 26023.8 50542.0 13623 

 2006 c,d,e 32640 820.7 22104.9 48196.2 13623 

 2007 c,d,e 40800 775.9 30384.8 54785.2 13623 

 2008 c,d,e 50813 738.6 38578.3 66927.8 13623 

 2009 c,d,e 68000 1372.0 49738.6 92966.0 13623 

 2010 c,d,e 49756 808.2 37131.3 66673.1 13623 

 2011 c,d,e 62560 911.6 48264.4 81090.0 13623 

 2012 c,d,e 59840 869.0 46207.6 77494.3 13623 

 2013 c,d,e 53040 910.8 39068.5 72007.9 13623 

 2014 c,d,e 28950 2911.7 13681.2 61259.3 13623 

 2017 f 32361 1689.2 21932.0 47749.1 13623 

 2018 f 22002 1667.0 12497.0 38736.5 13623 

 2019 f 48498 1659.0 37584.5 62580.5 13623 

 2020 f 29920 5020.6 8567.7 104486.4 13623 

 2021 f 28900 3431.2 11929.9 70010.1 13623 
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Table 5 continued.  

Site (River 

Mile) 
Year Pop Est SE Lower 95 Upper 95 

Effective sampling 

area (approx.) 

Swan Island 

(172.2) 
2004 c,d,e 8545 258.9 5342.3 13667.7 5760 

 2005 c,d,e 7888 257.8 4753.4 13089.8 5760 

 2006 c,d,e 11832 291.0 8081.5 17323.1 5760 

 2007 c,d,e 14461 351.6 9920.3 21080.0 5760 

 2008 c,d,e 20268 361.2 14991.9 27400.9 5760 

 2009 c,d,e 18405 409.2 13040.0 25977.3 5760 

 2010 c,d,e 14900 280.6 10447.7 21249.7 5760 

 2011 c,d,e 21199 362.5 15635.1 28742.9 5760 

 2012 c,d,e 12572 245.2 8883.9 17791.1 5760 

 2013 c,d,e 9120 203.2 6134.1 13559.4 5760 

 2014 c,d,e 5124 415.9 3056.8 8589.1 5760 

 2017 f 9044 274.2 7214.7 11337.1 5760 

 2018 f 9520 1581.4 2760.7 32828.5 5760 

 2019 f 6642 188.7 4276.4 10316.2 5760 

 2020 f 9776 2015.3 2103.5 45433.8 5760 

 2021 f 9955 633.9 6193.7 16000.4 5760 
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Table 6.  Estimated abundance per census (𝑁̂𝑡), finite rate of population increase [𝜆𝑡 −𝑡+1] per time step, realized per-capita growth rate [𝑙𝑛 (
𝑁𝑡+1

𝑁𝑡

)] per time 

step, and cumulative population growth observed in populations of Medionidus conradicus in the Clinch River, TN at Wallen Bend, Frost Ford, Swan Island, and 

Total (Sites Pooled) from 2004–2021. 

Census (t) 

 Wallen Bend  Frost Ford  Swan Island  Total (Sites Pooled) 

 (𝑁𝑡) λ t –t+1 ln (Nt+1/Nt)  (𝑁𝑡) λ t –t+1 ln (Nt+1/Nt)  (𝑁𝑡) λ t –t+1 ln (Nt+1/Nt)  (𝑁𝑡) λ t –t+1 ln (Nt+1/Nt) 

2004 (0)  14022 

 

N/A N/A  145067 

 

N/A N/A  55875 

 

N/A N/A  214964 

 

N/A N/A 

2005 (1)  15990 1.14 0.13  132373 0.91 -0.09  9203 0.16 -1.80  157566 0.73 -0.31 

2006 (2)  15006 0.94 -0.06  126933 0.96 -0.04  2629 0.29 -1.25  144568 0.92 -0.09 

2007 (3)  23124 1.54 0.43  169547 1.34 0.29  5587 2.13 0.75  198258 1.37 0.32 

2008 (4)  33948 1.47 0.38  192213 1.13 0.13  13475 2.41 0.88  239636 1.21 0.19 

2009 (5)  39360 1.16 0.15  154831 0.81 -0.22  8217 0.61 -0.49  202408 0.84 -0.17 

2010 (6)  42312 1.08 0.07  226667 1.46 0.38  14516 1.77 0.57  283495 1.40 0.34 

2011 (7)  32769 0.77 -0.26  192390 0.85 -0.16  20377 1.40 0.34  245536 0.87 -0.14 

2012 (8)  32944 1.01 0.01  192440 1.00 0.00  15995 0.78 -0.24  241379 0.98 -0.02 

2013 (9)  25875 0.79 -0.24  157760 0.82 -0.20  22678 1.42 0.35  206313 0.85 -0.16 

2014 (10)  29974 1.16 0.15  170680 1.08 0.08  7148 0.32 -1.15  207802 1.01 0.01 

2017 (11)  29459 0.98 -0.02  61953 0.36 -1.01  8134 1.14 0.13  99546 0.48 -0.74 

2018 (12)  11286 0.38 -0.96  80199 1.29 0.26  2928 0.36 -1.02  94413 0.95 -0.05 

2019 (13)  9646 0.85 -0.16  43425 0.54 -0.61  2618 0.89 -0.11  55689 0.59 -0.53 

2020 (14)  11210 1.16 0.15  53856 1.24 0.22  3536 1.35 0.30  68602 1.23 0.21 

2021 (15)  14592 1.30 0.26  53550 0.99 -0.01  2172 0.61 -0.49  70314 1.02 0.02 

Instantaneous (𝑟̅) and %Annual Growth              

𝑟̅ (σ̂2)    0.00 (0.11)    -0.07 (0.13)    -0.22 (0.64)    -0.07 (0.09) 

λG    1.00    0.94    0.81    0.93 

%Growth  0%    -7%    -22%    -7% 
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Table 7.  Estimated abundance per census (𝑁̂𝑡), finite rate of population increase [𝜆𝑡 −𝑡+1] per time step, realized per-capita growth rate [𝑙𝑛 (
𝑁𝑡+1

𝑁𝑡

)] per time 

step, and cumulative population growth observed in populations of Ptychobranchus subtentus in the Clinch River, TN at Wallen Bend, Frost Ford, Swan Island, 

and Total (Sites Pooled) from 2004–2021. 

Census (t) 

 Wallen Bend  Frost Ford  Swan Island  Total (Sites Pooled) 

 (𝑁𝑡) λ t –t+1 ln (Nt+1/Nt)  (𝑁𝑡) λ t –t+1 ln (Nt+1/Nt)  (𝑁𝑡) λ t –t+1 ln (Nt+1/Nt)  (𝑁𝑡) λ t –t+1 ln (Nt+1/Nt) 

2004 (0)  5166 

 

N/A N/A  43520 

 

N/A N/A  8545 

 

N/A N/A  57231 

 

N/A N/A 

2005 (1)  10578 2.05 0.72  36267 0.83 -0.18  7888 0.92 -0.08  54733 0.96 -0.04 

2006 (2)  11808 1.12 0.11  32640 0.90 -0.11  11832 1.50 0.41  56280 1.03 0.03 

2007 (3)  15252 1.29 0.26  40800 1.25 0.22  14461 1.22 0.20  70513 1.25 0.23 

2008 (4)  15498 1.02 0.02  50813 1.25 0.22  20268 1.40 0.34  86579 1.23 0.21 

2009 (5)  17466 1.13 0.12  68000 1.34 0.29  18405 0.91 -0.10  103871 1.20 0.18 

2010 (6)  16874 0.97 -0.03  49756 0.73 -0.31  14900 0.81 -0.21  81530 0.78 -0.24 

2011 (7)  11424 0.68 -0.39  62560 1.26 0.23  21199 1.42 0.35  95183 1.17 0.15 

2012 (8)  15371 1.35 0.30  59840 0.96 -0.04  12572 0.59 -0.52  87783 0.92 -0.08 

2013 (9)  14090 0.92 -0.09  53040 0.89 -0.12  9120 0.73 -0.32  76250 0.87 -0.14 

2014 (10)  16219 1.15 0.14  28950 0.55 -0.61  5124 0.56 -0.58  50293 0.66 -0.42 

2017 (11)  6156 0.38 -0.97  32361 1.12 0.11  9044 1.77 0.57  47561 0.95 -0.06 

2018 (12)  9275 1.51 0.41  22002 0.68 -0.39  9520 1.05 0.05  40797 0.86 -0.15 

2019 (13)  9275 1.00 0.00  48498 2.20 0.79  6642 0.70 -0.36  64415 1.58 0.46 

2020 (14)  9145 0.99 -0.01  29920 0.62 -0.48  9776 1.47 0.39  48841 0.76 -0.28 

2021 (15)  9472 1.04 0.04  28900 0.97 -0.03  9955 1.02 0.02  48327 0.99 -0.01 

Instantaneous (𝑟̅) and %Annual Growth               

𝑟̅ (σ̂2)    0.04 (0.14)    -0.03 (0.13)    0.01 (0.13)    -0.01 (0.05) 

λG    1.04    0.97    1.01    0.99 

%Growth  4%    -3%    1%    -1% 
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Table 8. Juveniles of each length category collected during quantitative surveys at three sites in the Clinch River (TN) 

from 2004 through 2021. For Medionidus conradicus, mussels ≤20 mm were considered to be age 1, >20–30 mm were 

age 2, and mussels >30–40 mm in length were considered 3 years old. Ptychobranchus subtentus mussels ≤24 mm were 

considered to be age 1, >24 – 35 mm were considered age 2, and >35–50 mm were age 3.  

              Medionidus conradicus Ptychobranchus subtentus 

Site Year ≤20mm 
>20–

30mm 

>30–

40mm 
Year total ≤24mm 

>24–

35mm 

>35–

50mm 
Year total 

Frost 

Ford 
2004 2 4 26 32 2 0 0 2 

 2005 1 17 92 110 0 1 7 8 

 2006 0 7 86 93 0 1 5 6 

 2007 4 18 84 106 1 0 4 5 

 2008 25 51 65 141 16 9 11 36 

 2009 10 87 94 191 3 23 13 39 

 2010 2 81 96 179 0 9 17 26 

 2011 6 56 149 211 1 4 16 21 

 2012 4 37 145 186 1 5 7 13 

 2013 1 48 132 181 0 2 12 14 

 2014 3 54 147 204 1 1 10 12 

 2017 2 12 59 73 2 6 4 12 

 2018 2 27 87 116 2 4 5 11 

 2019 0 6 34 40 1 1 3 5 

 2020 6 7 36 49 2 0 3 5 

 2021 6 21 47 74 3 2 10 15 

Swan 

Island 
2004 0 0 3 3 0 0 0 0 

 2005 0 0 4 4 1 0 0 1 

 2006 0 1 7 8 1 0 1 2 

 2007 0 3 13 16 4 0 5 9 

 2008 0 4 10 14 1 1 5 7 

 2009 0 6 26 32 7 2 12 21 

 2010 0 6 31 37 4 0 6 10 

 2011 0 5 26 31 4 2 7 13 

 2012 0 10 41 51 7 10 3 20 

 2013 0 2 12 14 0 0 5 5 

 2014 0 4 20 24 0 1 2 3 

 2017 0 2 2 4 2 0 1 3 

 2018 0 0 4 4 0 4 5 9 

 2019 0 1 8 9 2 2 1 5 

 2020 0 2 5 7 1 1 1 3 

 2021 0 0 0 0 0 0 0 0 

Wallen 

Bend 
2004 2 4 26 32 2 0 0 2 

 2005 1 3 39 43 0 1 0 1 

 2006 2 2 27 31 2 3 4 9 

 2007 9 21 27 57 6 6 2 14 

 2008 6 56 53 115 16 14 7 37 

 2009 0 1 2 3 0 1 0 1 

 2010 0 31 114 145 0 3 15 18 

 2011 5 6 84 95 4 0 9 13 

 2012 3 20 56 79 1 1 2 4 

 2013 3 16 42 61 1 1 2 4 

 2014 0 18 51 69 0 1 3 4 

 2017 3 23 56 82 3 3 3 9 

 2018 1 2 35 38 0 1 3 4 

 2019 5 4 18 27 1 1 2 4 

 2020 7 9 32 48 1 0 2 3 

 2021 0 0 0 0 2 0 0 2 

Total – 121 795 2253 3169 106 127 235 468 
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Table 9. Summary of back-calculated length at age 1, 

2, and 3 old external shell annuli of ten individuals of 

Ptychobranchus subtentus from the Clinch River in 

Tennessee. Lengths are rounded to the nearest whole 

number. 

Shell Age Length 

1 1 24 

 2 34 

 3 48 

   

2 1 24 

 2 37 

 3 50 

   

3 1 26 

 2 35 

 3 49 

   

4 1 23 

 2 33 

 3 51 

   

5 1 25 

 2 34 

 3 52 

   

6 1 23 

 2 35 

 3 50 

   

7 1 24 

 2 35 

 3 51 

   

8 1 22 

 2 35 

 3 49 

   

9 1 25 

 2 37 

 3 51 

   

10 1 22 

 2 33 

 3 48 

   

Average 1 24 

 2 35 

 3 50 
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Table 10. Location and quantitative survey data for surveyed populations of Medionidus conradicus in the Clinch and Powell 

rivers, VA/TN surveyed from 2017-2021. Approximate latitude and longitude coordinates for each site are provided, where 

known.  Unknown information is denoted by an asterisk.  

Waterway 
River 

Basin 
State Latitude Longitude 

Last 

visited 

Number 

mussels 

Density 

(mussels/ 

m2±SE) 

Clinch River 

(Frost Ford) 
Clinch TN 36.31489 -83.09313 2020 40+ 

3.1930 

(±0.5015) 

Clinch River 

(Wallen Bend) 
Clinch TN 36.34449 -83.00106 2020 40+ 

1.7929 

(±0.4208) 

Clinch River 

(Swan Island) 
Clinch TN 36.28238 -83.17237 2020 34 

0.5793 

(±0.0834) 

Clinch River 

(Kyles Ford) 
Clinch TN 36.61018 -83.10440 2020 35 

4.1494 

(±0.4769) 

Copper Creek Clinch VA 36.80428 -82.25916 2019 1 * 

Clinch River 

(Clinchport) 
Clinch VA 36.64928 -82.74944 2019 20 * 

Clinch River 

(Bennett Island) 
Clinch VA 36.95951 -82.09755 2020 48 

0.3900 

(±0.030) 

Clinch River 

(Artrip) 
Clinch VA 36.96023 -82.09666 2017 273 0.06 

Clinch River 

(Cleveland) 
Clinch VA 36.93745 -82.16522 2017 210 0.05 

Clinch River 

(Whited) 
Clinch VA 36.94877 -82.139325 2017 581 0.10 

Clinch River 

(Sycamore Island) 
Clinch VA 36.62141 -82.81797 2020 1 

0.0100 

(±0.010) 

Clinch River 

(Payne Property) 
Clinch VA 37.08164 -81.77881 2020 0 NA 

Powell River 

(Oakley property) 
Powell TN 36.535747 -83.4681 2021 5 

0.1200 

(±0.010) 

Powell River 

(Upper Brooks Bridge) 
Powell TN 36.534982 -83.44299 2021 14 

0.2500 

(±0.030) 

Powell River 

(Lower Brooks Bridge) 
Powell TN 36.536824 -83.45140 2021 13 

0.2400 

(±0.030) 
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Table 11. Location and qualitative survey results for populations of Medionidus conradicus in the Clinch and Holston 

rivers, VA/TN surveyed from 2019-2021. Approximate latitude and longitude coordinates for each site are provided, where 

known.  Unknown information is denoted by an asterisk. a Multiple sites (n=5) were visited in Copper Creek, the catch-per-

unit-effort (CPUE) represents the mean mussels collected/person hour. 

Waterway 
River 

Basin 
State Latitude Longitude 

Last 

visited 

Number 

mussels 

CPUE 

(person 

hour) 

Indian Creek Clinch VA 37.08818 -81.75981 2021 0 * 

Copper Creek Clinch VA 36.80428 -82.25916 2019 8 0.37a 

Big Moccasin Creek Holston VA 36.75946 -82.27229 2020 14 * 

Middle Fork Holston 

(Tattle Branch) 
Holston VA 36.81098 -81.66550 2021 0 * 

Middle Fork Holston 

(Neff Property) 
Holston VA 36.702857 -81.860506 2021 0 * 

Middle Fork Holston 

(Downstream Neff Property 

Island 1) 

Holston VA 36.689577 -81.854337 2021 0 * 

Middle Fork Holston 

(Downstream Neff Property 

Island 2) 

Holston VA 36.693194 -81.86790 2021 0 * 

North Fork Holston River Holston VA 36.93409 -81.64690 2020 13 2.6 
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Table 12. Location and quantitative survey results for populations of Ptychobranchus subtentus in the Clinch 

and Powell rivers, VA/TN surveyed from 2017-2021.  Approximate latitude and longitude coordinates for 

each site are provided, where known.  Unknown information is denoted by an asterisk.  

Waterway River Basin State Latitude Longitude 
Last 

visited 

Number 

mussels 

Density 

(mussels/ 

m2±SE) 

Clinch River 

(Frost Ford) 
Clinch TN 36.31489 -83.09313 2020 40+ 

3.1930 

(±0.5015) 

Clinch River 

(Wallen Bend) 
Clinch TN 36.34449 -83.00106 2020 40+ 

1.7929 

(±0.4208) 

Clinch River 

(Swan Island) 
Clinch TN 36.28238 -83.17237 2020 34 

0.5793 

(±0.0834) 

Upper Clinch 

River (Bennett 

Island) 

Clinch VA 36.95951 -82.09755 2020 0 NA 

Clinch River 

(Artrip) 
Clinch VA 36.96023 -82.09666 2017 0 NA 

Clinch River 

(Cleveland) 
Clinch VA 36.93745 -82.16522 2021 0 NA 

Clinch River  

(Sycamore 

Island) 

Clinch VA 36.62141 -82.81797 2020 9 
0.12 

(±0.010) 

Clinch River  

(Payne Property) 
Clinch VA 37.08164 -81.77881 2020 0 NA 

Clinch River 

(Whited) 
Clinch VA 36.94877 -82.139325 2017 0 NA 

Speers Ferry Clinch VA 36.64928 -82.74944 2017 0 NA 

Copper Creek Clinch VA 36.65689 -82.72176 2019 0 NA 

Powell River 

(Oakley 

property) 

Powell TN 36.535747 -83.4681 2021 0 NA 

Powell River 

(upper Brooks 

Bridge) 

Powell TN 36.534982 -83.44299 2021 2 
0.0400 

(±0.0200) 

Powell River 

(lower Brooks 

Bridge) 

Powell TN 36.536824 -83.45140 2021 0 NA 
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Table 13. Location and qualitative survey results for populations of Ptychobranchus subtentus in the Clinch 

and Holston rivers, VA/TN and Cumberland River, KY watershed surveyed from 2011-2021. Approximate 

latitude and longitude coordinates for each site are provided, where known. The catch-per-unit-effort 

(CPUE) represents the mean mussels collected/person hour. Unknown information is denoted by an asterisk.  

Waterway River Basin State Latitude Longitude 
Last 

visited 

Number 

mussels 

CPUE 

(person 

hour) 

Grissom Island Clinch TN * * 2019 20+ * 

Clinch River 

(Cleveland) 
Clinch VA 36.93745 -82.16522 2018 0 0 

Clinch River 

(Clinchport) 
Clinch VA 36.64928 -82.74944 2019 13 * 

Copper Creek Clinch VA 36.65689 -82.72176 2019 0 0 

Little River 

(Honaker) 
Clinch VA 37.00708 -81.92225 2011 3 * 

Rock Creek 
Upper 

Cumberland 
KY * * 2018 13 * 

Middle Fork 

Holston 

(Tattle Branch) 

Holston VA 36.81098 -81.66550 2021 0 0 

Middle Fork 

Holston 

(Neff Property) 

Holston VA 36.702857 -81.860506 2021 0 0 

Middle Fork 

Holston 

(Downstream 

Neff Property 

Island 1) 

Holston VA 36.689577 -81.854337 2021 0 0 

Middle Fork 

Holston 

(Downstream 

Neff Property 

Island 2) 

Holston VA 36.693194 -81.86790 2021 0 0 

North Fork 

Holston 
Holston VA 36.91871 -81.60129 2019 20 3.33 
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Figure 1. Mean density (± 95% confidence intervals) per year for Medionidus conradicus for three Clinch 

River, TN sites quantitatively surveyed from 2004 to 2021.  
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Figure 2. Mean density (± 95% confidence intervals) per year for Ptychobranchus subtentus for three Clinch 

River, TN sites quantitatively surveyed from 2004 to 2021.  
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Figure 3. Population estimates (± 95% confidence intervals) per year for Medionidus conradicus for three Clinch 

River, TN sites quantitatively surveyed from 2004 to 2021.  
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Figure 4.  Population estimates (± 95% confidence intervals) per year for Ptychobranchus subtentus for three 

Clinch River, TN sites quantitatively surveyed from 2004 to 2021. 
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Figure 5.  Mussel densities (mussels/ m2) for Medionidus conradicus and Ptychobranchus subtentus at five sites quantitatively 

surveyed in the Clinch River, TN between 1979 and 2021.  Upper Brooks Island was surveyed in 2004 and lower Brooks Island 

was surveyed in 2005.  
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Figure 6.  Distribution of Medionidus conradicus in Virginia and Tennessee. Black dots indicate extant populations; red diamonds indicate historical populations 

where no live mussels were collected. Survey data was collected from 2017–2021. 
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Figure 7. Distribution of Ptychobranchus subtentus in Virginia and Tennessee. Black dots indicate extant populations; red diamonds indicate historical populations 

where no live mussels were collected. Survey data was collected from 2017–2021. 
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Figure 8. Shell length distribution of Medionidus conradicus collected during quadrat surveys conducted at three sites in the 

Clinch River (TN) between 2004 and 2021. The fourth graph in each row represents the length distribution of all mussels collected 

during sampling years. 
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Figure 9. Shell length distribution of Ptychobranchus subtentus collected during quadrat surveys conducted at three sites in the 

Clinch River (TN) between 2004 and 2021. The fourth graph in each row represents the length distribution of all mussels collected 

during sampling years. 
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Figure 10. Juvenile Medionidus conradicus recruitment at three sites (Swan Island, Frost Ford, and Wallen Bend, 

Clinch River, TN) compared to average monthly stream temperature (°C) recorded from the upstream Cleveland, 

VA Clinch River USGS water gage between 2008 and 2021. Juveniles are considered to be three years and younger 

and all juveniles collected at the three sites in one year were grouped together. To accommodate an entire 

recruitment year, juvenile mussel recruitment was compared to the previous year’s temperature data. Solid line is a 

linear regression analysis with corresponding linear equation, R2 value, and associated p-value. 
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Figure 11. Juvenile Ptychobranchus subtentus recruitment at three sites (Swan Island, Frost Ford, and Wallen 

Bend, Clinch River, TN) compared to average monthly stream temperature (°C) recorded from the upstream 

Cleveland, VA Clinch River USGS water gage between 2008 and 2021. Juveniles are considered to be three years 

and younger and all juveniles collected at the three sites in one year are grouped together. To accommodate an 

entire recruitment year, juvenile mussel recruitment was compared to the previous year’s temperature data. Solid 

line is a linear regression analysis with corresponding linear equation, R2 value, and associated p-value. 
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Figure 12. Juvenile Medionidus conradicus recruitment at three sites (Swan Island, Frost Ford, and Wallen Bend, 

Clinch River, TN) compared to monthly stream discharge (ft3/s) recorded from the upstream Cleveland, VA Clinch 

River USGS water gage between 2003 and 2021. Juveniles are considered to be three years and younger and all 

juveniles collected at the three sites in one year are grouped together. To accommodate an entire recruitment year, 

juvenile mussel recruitment was compared to the previous year’s temperature data. Solid line is a linear regression 

analysis with corresponding linear equation, R2 value, and associated p-value. 
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Figure 13. Juvenile Ptychobranchus subtentus recruitment at three sites (Swan Island, Frost Ford, and Wallen Bend, 

Clinch River, TN) compared to monthly stream discharge (ft3/s) recorded from the upstream Cleveland, VA Clinch 

River USGS water gage between 2003 and 2021. Juveniles are considered to be three years and younger and all 

juveniles collected at the three sites in one year are grouped together. To accommodate the entirety of one 

recruitment year, juvenile mussel recruitment was compared to the previous year’s temperature data. Solid line is a 

linear regression analysis with corresponding linear equation, R2 value, and associated p-value. There was a 

significant relationship between juvenile recruitment and April and July stream discharge (p = 0.0643 and 0.00202), 

respectively.
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General Conclusion 

In this dissertation, I presented data on the life-history, burrowing behavior, population age 

structure, demography, and thermal regime and tolerances of Lasmigona holstonia, a critically 

understudied species that is imperiled throughout its range. This species not only represents a 

significant management concern for all states within its range (Alabama, Georgia, North 

Carolina, Tennessee, and Virginia), but was until recently being considered for federal listing 

(U.S. Fish and Wildlife 2023A). While L. holstonia was ultimately deemed to not be at risk of 

extinction, the data that I presented here will hopefully contribute to future potential listing 

decisions. In particular, the facts that populations of this species appear to be prone to boom-and-

bust population dynamics (Chapter 2) and live in hydrologically variable habitats that can 

experience extensive habitat modification (Chapters 1, 2, and 3), as well as a varied thermal 

regime (Chapter 3) indicate that while populations of this species may appear stable now, future 

environmental events could result in habitat loss or population decline. In particular, the small, 

headwater streams in which this species lives in are likely vulnerable to rising water 

temperatures and damage due to the increased frequency and severity of droughts and storms 

associated with global climate change. As many of the populations of L. holstonia in Virginia are 

already located in more urban environments, another concern is run-off from asphalt and lawns, 

which can carry warm water, oil, pollutants, and fertilizers into these already susceptible streams. 

  As a group, mussel biologists often focus on bigger-picture events and more ubiquitous, 

common, or highly imperiled species, leaving the more obscure species understudied. As stated 

in Chapter 1, despite being a species of management concern for all states across its range, very 

little information about L. holstonia is published. Data may be available, but if it is not shared or 

accessible, important information on such a unique species is effectively lost. This lost 



207 
 

information could play a vital role in guiding management plans and determining the 

appropriateness of listing this species as imperiled. In my study, I hope to have compiled a 

substantial portion of the information available for L. holstonia and to have initiated a baseline 

supporting subsequent research on this species.  

Aside from my work on L. holstonia, I also presented my analysis of mussel density, 

abundance, population age structure, and recruitment of M. conradicus and P. subtentus (Chapter 

4). As an already federally listed species, P. subtentus data presented here will hopefully help 

guide management efforts and contribute to ongoing conservation plans for this species. As a 

species proposed as endangered for federal listing, M. conradicus data will hopefully provide 

insights and guidance on both the management and listing needs of this species. 

One takeaway from this dissertation that I would like my readers to understand is that there 

often are differences between populations of the same species. This was evident across all three 

of the species studied here, and strongly supports the need for specialized management and 

recovery plans for different populations when relevant. In particular, I recommend that future 

management plans and decisions on the listing needs of L. holstonia consider individual 

populations carefully. While some populations did appear to be thriving during a given snapshot 

of time (i.e., both South Fork Clinch River (VA) and Cloud Branch (Ocoee system, TN) 

populations appeared to be doing well during the 2018 and 2019 initiations of my projects), both 

populations were showing evidence of decline by July 2020. I know that some of the observed 

declines may have been due to severe storms, flooding, and visible habitat degradation, but other 

reasons for population declines are less obvious. Unfortunately, many of the historical sites that I 

visited while surveying for all three of my study species were devoid of any living individuals of 
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these species. As a mussel biologist, that trend is concerning, and further supports my call for 

continued monitoring of populations of these species. 
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