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ABSTRACT 

With a new focus on flow regulation by the Tennessee Valley Authority (TVA) in 

reservoir tailwaters, it is now possible to recover many mussel species that once occurred in 

these reaches.  Before flows can be modified to create habitat for freshwater mussels, suitable 

microhabitat conditions must be defined.  In this study, I used multiple approaches to define 

suitable microhabitats for species in the free-flowing upper Clinch River, Virginia and 

Tennessee, where reproducing mussel populations persist. 

During summer low flows in 2003 and 2004, I measured flow and substrate conditions in 

over 1000 microhabitat patches (0.25 m2 quadrat samples) across five river reaches.  Flow 

characteristics and embeddedness were significantly different between microhabitats occupied 

and unoccupied by the most abundant species (MRPP, p < 0.05).  Comparison of simple and 

multiple logistic regression models with Akaike’s Information Criteria (AIC) demonstrated that 

increasing Fleisswasserstammtisch (FST) hemisphere number (a measure of shear stress), 

decreasing degree of embeddedness, and increasing mean column velocity best explained species 

occurrences in a microhabitat patch.  Subtle differentiation in habitat use among species was 



observed; however, most species appeared to be microhabitat generalists.  Species were grouped 

into three habitat guilds using corresponding canonical analysis and cluster analysis: fast-flow 

specialists (FFS), fast-flow generalists (FFG), and slow-flow tolerant (SFT).   

I used the same data set to develop and test transferability of Habitat Suitability Criteria 

(HSC) for three habitat guilds and seven species of adult freshwater mussels.  Nonparametric 

tolerance limits were used to define the range of suitable and optimal habitat during summer low 

flows.  Optimal habitat was defined as those ranges of FST hemisphere number, mean column 

velocity, and embeddedness occupied by the central 50% of independent observations for a 

species or guild, whereas suitable habitat was defined by those ranges occupied by the central 

90% of observations.  The transferability of criteria to other reaches of the Clinch River was 

assessed using one-sided Chi-square tests.  Criteria developed for the fast-flow specialist (FFS) 

and fast-flow generalist (FFG) guilds, as well as most criteria for species in those guilds, 

transferred to destination reaches.  In contrast, criteria developed for the slow-flow tolerant 

(SFT) guild and individual constituent species consistently failed to transfer.  Criteria for FFS 

and FFG guilds and their constituent species should be incorporated into flow simulation models 

such as PHABSIM to gauge the effect of minimum flows on mussel habitat quality and quantity.  

These criteria could also be used to determine suitable sites for mussel translocations.  However, 

my criteria require further testing in other rivers before they can be transferred beyond the Clinch 

River.   

Behavior and physiological responses to laboratory manipulations of flow velocity and 

substrate particle size were used to elucidate microhabitat preferences of Actinonaias pectorosa, 



Potamilus alatus, and Ptychobranchus subtentum.  These species appeared less stressed in the 

fastest flow treatment, demonstrating significantly higher oxygen consumption and oxygen-to-

nitrogen (O:N) ratios than in slower flow treatments.  Only P. alatus demonstrated a preference 

for substrate particle size, and consistently selected finer particle sizes.  Actinonaias pectorosa 

and P. subtentum demonstrated preference for fast-flow microhabitats by readily burrowing in 

those conditions, while abandoning slow-flow conditions.  The lack of preference for substrate 

particle size demonstrated by A. pectorosa and P. subtentum supports conclusions of previous 

studies that substrate particle size is of little or secondary importance for explaining mussel 

microhabitat use.    

These results, along with previous studies in the Clinch River, demonstrate that the stable 

habitats of riffles and runs; characterized by fast flows during summer low flows, low percent 

bedrock, and low embeddedness, are the most suitable habitats for mussel assemblages.  To 

create and maintain suitable habitat conditions in tailwaters, releases should maintain flow over 

riffles at a minimum depth of no less than 30 cm in riffles that provide higher shear stress 

conditions (FST number > 7) and velocities (> 0.70 m/s).  Periodic releases that are sufficient to 

transport silt and sand, but not high enough to transport larger substrate should be adequate to 

maintain substrates with a low degree of embeddedness.  Doing so would create suitable habitat 

for all mussels, from the most to least specialized.  Additionally, HSC developed for FFS and 

FFG guilds can be used to determine suitable destination sites for translocations of species 

belonging to these guilds. 
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INTRODUCTION 
 

Conservation of freshwater mussels (families: Margaritiferidae and Unionidae) is a priority 

in the management of lotic ecosystems in the southeastern United States.  Compared to other North 

American biota, a disproportionately high number of these species have been federally listed under 

the Endangered Species Act.  Of 297 species native to North America, 70 are federally listed and 35 

are presumed extinct.  Freshwater mussels compose a majority of the biomass in many river 

systems, control algae and suspended particle levels, provide food for other wildlife, stabilize river 

substrate, provide habitat via shells for countless invertebrates and fish, and also serve as 

bioindicators of ecosystem health (Økland 1963, Strayer et al. 1994, Bekett et al. 1996, Vaughn and 

Hakenkamp 2001).  Many endangered and threatened mussel species are endemic to the 

southeastern United States, where the construction of dams has destroyed and severely altered their 

habitat and water quality degradation continues to threaten their existence.   

The decline of mussel populations is especially profound in the Tennessee River basin.  

Dam construction by the Tennessee Valley Authority (TVA) has drastically changed instream 

habitat in the basin over the past 50 years (Parmalee and Bogan 1998).  Shoals and riffles that 

formerly provided ideal mussel habitats were flooded for the creation of reservoirs, while the 

operation of dams for reservoir maintenance and power production created adverse conditions in 

tailwaters, extirpating many species and contributing to the extinction of several species endemic to 

the Tennessee drainage (Parmalee and Bogan 1998).  Adverse tailwater conditions are characterized 

by long dry spells, interrupted by hydropeaking releases.  When reservoir levels were maintained 

during dry spells, many runs and riffles were exposed and mussel assemblages inhabiting them 

died.  During power production, hydropeaking releases scoured tailwaters with unseasonably cold 

and oxygen-deprived hypolimnetic water.   
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In 1980, TVA developed and implemented the Reservoir Releases Improvements (RRI) 

Program to address the negative effects of Norris Dam flow releases on lower Clinch River fisheries 

(Scott et al. 1996).  Successes at Norris led to permanent implementation of RRI in this and in 

several other TVA tailwaters (Scott et al. 1996).  Under the RRI Program, minimum flow 

requirements are maintained and releases are oxygenated to maintain site-specific target levels.  

This program and the related Lake Improvement Plan (LIP) Program were initiated to improve 

tailwater fisheries, but also are believed to create favorable conditions for mussels.  Though releases 

are colder than historical flows, Parmalee and Bogan (1998) estimate TVA has recovered 150 - 200 

miles of aquatic habitat that may now be able to support diverse mussel populations.  Thus, many 

species are proposed for re-establishment.   

Re-establishment of populations by translocation of adults is a strategy used to restore 

mussel populations where threats have been mitigated, but these efforts have had limited success 

because little is known of habitat needs (Cope and Waller 1995, Hamilton et al. 1997, Parmalee and 

Bogan 1998).  Though it is often assumed that mussels prefer or are associated with specific 

microhabitat conditions, studies to define relationships between microhabitat parameters (spatial 

scales of 0.1 to 10 m) and mussel occurrences have produced few coherent conclusions.  In part, 

ambiguity arises from flawed study design and analysis.  For example, Huehner (1987) is often 

cited as a reference in habitat literature without mention of its numerous flaws, including 

pseudoreplication and misuse of Chi-square analysis.  Some studies, such as Stober (1972), describe 

clearly pronounced habitat for species based on limited observations (e. g., a single river reach).  

Often the context of scale is ignored.  Many studies collect and compare microhabitat measurements 

at inappropriate scales, with no regard for processes controlling stream systems and the subsequent 

subsystems. Also disturbing is the lack of independent replication of habitat studies.   
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Regardless, many well-designed endeavors to define microhabitats and explain distribution 

of both species and assemblages using simple hydraulic variables and substrate composition have 

produced an array of conclusions.  Several studies demonstrate positive correlations between mussel 

presence and favorable microhabitat conditions described by traditional simple hydraulic variables, 

such as velocity and depth, and substrate composition (Green 1971, Salmon and Green 1983, 

Johnson and Brown 2000).  Other studies (Strayer and Ralley 1993, Layzer and Madison 1995) 

question the power of traditional substrate and hydraulic parameters to define benthic microhabitat 

important to mussels, a conclusion paralleled in other invertebrate habitat studies (Statzner et al. 

1988, Davis and Barmuta 1989, Wetmore et al. 1990, Jowett 2003).  Ambiguity and consideration 

of factors acting on larger scales has led several authors to conclude that microhabitat is an 

inappropriate level at which to understand factors affecting the presence or absence of mussels 

(Strayer and Ralley1993).      

Abandonment of the fine-scale approaches (microhabitat analysis) at which to understand 

habitat and distribution as suggested by Strayer and Ralley (1993) is unwarranted, because accurate 

and reliable knowledge at this level is invaluable to management of the fauna (Cope and Waller 

1995, Johnson and Brown 2000).  In a review of 33 relocation projects, Cope and Waller (1995) 

concluded that a lack of quantitative information to assess the suitability of environmental 

conditions caused many re-establishment and translocation projects to fail.  Quantified descriptions 

of suitable microhabitats will make management more effective by providing objective guidelines.   

The degree to which species are habitat generalists or specialists is also poorly understood 

(Hamilton et al. 1997).  If species can be placed in guilds according to quantified hydraulic 

variables and substrate characteristics, more common members of guilds can be used for studies that 

require larger sample numbers.  Since many candidates for reintroduction are endangered or 
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threatened, use of surrogates for future habitat and management studies will not only be easier, but 

also ethically sound.   

Recent research to define mussel habitat used at reach and microhabitat scales has shifted 

from the use of simple parameters (depth, velocity, and substrate composition) toward incorporation 

of complex hydraulic parameters including shear stress, shear velocity, stream power, Froude 

number, Reynold’s number, and FST hemisphere numbers.  Several studies have found significant 

correlations between these parameters and mussel distribution and abundance (Layzer and Madison 

1995, Myers-Kinzie 1998, Hardison and Layzer 2001, Krstolic 2001, Gangloff 2003, Stone et al. 

2004).  

The construction and operation of dams have made many river reaches in the Tennessee 

River basin unsuitable for native freshwater mussels.  Yet, with a new focus on TVA tailwater 

management that returns the physical environment to more natural conditions, it is now possible to 

recover the mussel diversity once present in the basin.  However, without quantitative knowledge to 

assess the suitability of environmental conditions and guide flow releases from dams, re-

establishment and translocation failure rates will continue to be high.  This study defines habitat 

associations for species by complex and simple parameters five reaches in the upper Clinch River.  

It builds upon and tests the conclusions of other studies within the Clinch River (Church 1997, 

Krstolic 2001) and the Tennessee River basin (Layzer and Madison 1995, Hardison and Layzer 

2001) to assemble a more complete assessment of mussel habitat at successive scales.  The primary 

objectives of this study are as follows: 

 

I.  Review recent works and concepts in habitat ecology of freshwater mussels.  (Chapter 1)  

II.  Determine and quantify hydraulic factors and substrate characteristics that best describe mussel 

habitat use.  (Chapter 2) 
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III.  Develop and test transferability of Habitat Suitability Criteria (HSC) for species and habitat 

guilds.  (Chapter 3) 

IV.  Quantify physiological and behavior responses to flow and substrate treatments that simulate 

natural conditions.  Use responses to describe suitable flow and substrate conditions.  (Chapter 4) 
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CHAPTER 1:  A REVIEW OF RECENT WORKS, CONCEPTS, AND METRICS 
IN HABITAT ECOLOGY OF FRESHWATER MUSSELS (UNIONOIDEA) 

 

Physical structure, flow regime, and the physico-chemical nature of water affect distribution, 

abundance, behavior, and evolution of aquatic organisms.  These components interact on several 

spatio-temporal scales to create habitat for aquatic organisms.  In this review I explore how these 

components affect freshwater mussel assemblages at several scales in stream systems and also how 

habitat for mussels has been characterized and measured.  Frissell et al. (1986) provided a 

conceptual framework for organizing and defining stream habitat(s) to help ecologists and managers 

frame questions and management objectives more effectively within a meaningful spatio-temporal 

context.  I use this framework to review concepts relevant to mussel habitat ecology.   

Mussel habitat is usually described at a macrohabitat or microhabitat scale.  Macrohabitat 

associations can be explored at three nested hierarchical scales (sensu Frissel et al. 1986).  These are 

stream systems, segment systems, and reach systems.  Stream systems (i.e., watersheds or basins) 

are composed of all surface waters in a basin and are the product of major geological and climatic 

events and processes occurring over millions of years (Frissell et al. 1986).  Stream systems are the 

highest level of organization and further divided into component scales including stream segments, 

reaches, mesohabitats, and microhabitats (Figure 1.1.).  Events and processes that shape stream 

systems affect the development and character of these lower levels, but are relatively infrequent, so 

stream systems are likely to persist unchanged for millions of years (Frissell et al 1986).  Stream 

systems can be easily divided into segments by tributary junctions, major waterfalls, or lotic/lentic 

dichotomy.  Segments flow through a single bedrock type, ecotone, or landscape and are 

characterized by fairly homologous slope (Frissell et al. 1986).  Reach systems are more difficult to 

delineate, and boundaries often vary by the context of a study.  In general, reach systems are 
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defined by breaks in channel slope, valley floor width, and changes in riparian vegetation, bank 

material, and flow patterns.   

Reaches can are composed of mesohabitat units and microhabitat patches (Frissell et al. 

1986.).  A mesohabitat is characterized by changes in bed topography, water slope, bank 

configuration, hydrodynamic pattern, relation to the main channel, and by substrates immovable 

during annual flooding (Frissell et al 1986).  Mesohabitat habitat types are easily recognized and 

include riffles, runs, and pools.  Microhabitats are patches within mesohabitats that have relatively 

homologous substrate type, water depth, and flow velocity (Frissell et al. 1986).  Microhabitats are 

disturbed at least annually, but their character can also change over days, weeks, or months (Frissell 

et al. 1986).  Mesohabitats are disturbed less frequently (1 – 10 years).  Mesohabitats and 

microhabitats are often confused and referred to as microhabitat in mussel studies.     

  

STREAM SYSTEMS 

Events and processes that form and alter stream systems influence habitat at finer scales and 

affect assemblage patterns and species distributions.  For example, systems that drain the parallel 

Appalachian ridge and valley regions of the eastern United States, such as the Clinch and Powell 

rivers, have similar drainage networks within which successive scales of habitat structure are 

comparable.  These systems are composed of long parallel reaches fed perpendicularly by first-

order streams entering from ridges.  Larger tributaries enter through gaps connecting valleys.  In 

contrast, rivers draining prairies of the Upper Mississippi River system have dendritic drainages 

because they drain fairly homogenous topography.  Some species may inhabit both systems (e.g., 

Ligumia recta, Elliptio dilatata, Lasmigona costata); however, geologic and climatic events over 

eons influenced habitats differently within those streams and dictate current habitat structures.  
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Climatic differences among these systems have produced very different assemblages, though all are 

part of the larger Mississippi River system.  Advancing and retreating glaciers drastically changed 

the landscape, climate, and flow regime over eons throughout the upper Mississippi system.  These 

changes made the drainage less hospitable for persistence and colonization of freshwater mussels 

until recently.  In contrast, the upper Tennessee River system was never glaciated, and provided 

stable but isolated habitats suitable for sustainability and speciation over the same time period.  

Consequently, these systems are home to a large endemic fauna, supporting the greatest freshwater 

mussel diversity in the world.  Conversely, fauna of the Upper Mississippi system is composed of 

mostly widespread species that colonized these systems from southern refugia populations 

following the retreat of glaciers (Dawley 1947).   

Strayer (1983) noted that mussels occupying certain microhabitats were absent in other 

systems where similar microhabitats exist.  He concluded that distribution was associated with 

macrohabitat factors that controlled microhabitat parameters such as mean current velocity, 

temperature, mean particle substrate particle size, turbidity, water chemistry, and timing and 

character of organic inputs.  Going one-step further, he suggested that variation in discharge 

patterns (or hydrologic variability) was the most significant limiting factor. Influenced by both 

geology and climate of a basin, patterns of discharge are characterized by the frequency and 

severity of floods and droughts.  Such patterns affect velocity, water chemistry, and organic particle 

transport.  This conclusion fits well into the flow regime paradigm outlined by Poff et al. (1997).  

Poff et al. (1997) identified five critical components that constitute the pattern of flow or 

flow regime of a river ecosystem.  They are magnitude, frequency, duration, timing (predictability), 

and rate of change (flashiness) of flow in a system.  The magnitude of discharge describes the 

volume of water passing a fixed location per unit time.  The range of magnitude for a river system is 

a product of climate and basin size.  Magnitude is related to differences in species richness and 
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density among systems (Strayer 1993, Myers-Kinzie 1998, Gangloff 2003) and also within rivers 

(magnitude differences among segments is discussed below).  Gangloff (2003) observed that 

changes in magnitude of flow were associated with declines in some streams of the Upper Alabama 

River basin.  Increase in mean annual discharge, most likely associated with land use changes, had 

severely degraded these streams and also changed other aspects of the flow regime.   

Frequency of occurrence describes how often a flow above a given magnitude recurs and is 

inversely related to flow magnitude (Poff et al. 1997).  Hastie et al. (2001) documented the effect of 

a 100-year flood on mussel populations of the River Kerry that eliminated or buried mussel beds, 

while leaving others untouched.  They suggested that the middle reaches of the river were more 

hydrologically stable and thus populations endured the flood, while populations in other reaches 

were buried or dislodged as the flood reformed and scoured channels, and moved large amounts of 

substrate downstream.  Major floods, while rare, can reform habitat at smaller scales.  Stable 

habitats at the larger scales can serve as refuges and sources for repopulation.   

Duration is the length of time a flow event lasts.   During this review, I did not encounter the 

use of duration or related terms in relation to mussel habitat.  The timing or predictability of flows 

could affect the reproductive success or presence of fish host in a river (Krstolic 2001), and also the 

success of various reproductive strategies.  The timing of flows has often been cited as a culprit in 

the decline of mussel populations below dams and as an impediment to dam tailwater restoration 

(Layzer and Madison 1995, Gore et al 2001).  Relationships between mussels and the timing of 

flows as such have never been explicitly studied.   

The fifth component of flow regime, rate of change, has been the focus of several studies 

and appears to have profound effects on species distribution (Vannote and Minshall 1982, Strayer 

1993, Di Maio and Corkum 1995, Arbuckle 2000, McRae 2004).  The rate of change, more often 

referred to as flashiness or hydrologic variability in mussel habitat studies, is a descriptor of how 
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quickly flow changes from one magnitude to another.  Di Maio and Corkum (1995) observed that 

hydrological stability of a stream system appeared to influence the species of unionids found in it, 

further supporting the conclusions of Strayer (1983).  They found that Amblema plicata, Pyganodon 

grandis, and Fusconaia flava characterized hydrologically flashy sites, while Elliptio dilatata, 

Lampsilis siliquoidea radiata, and Lasmigona costata characterized hydrologically stable sites (Di 

Maio and Corkum 1995).  They suggested two mechanisms to explain how hydrological variability 

influences distribution.  First, hydrological processes can influence physiological fitness.  For 

example, fluctuating water velocities can cause siltation, which affects an adult’s ability to 

suspension-feed and respire.  Second, hydrology of a river can disrupt local habitat conditions.  

During high flows, rushing water can scour substrates, removing burrowed juveniles and adults, or 

impeding their ability to burrow and implant in the substrate.  Patterns between hydrological 

variability and density were recently observed in Iowa streams by Arbuckle (2000), who noted that 

areas with high relief and flashy streams had reduced density, and suggested that lack of diversity 

could be attributed to greater probability for dislodgement in a flashy stream.   

Different stream systems (and segments within systems) can have very different flow 

regimes controlled by basin topography, climate, and land use.  The flow regime can also determine 

long-term stability of habitat patches at smaller scales.  For example, compare the Clinch River 

system (Virginia and Tennessee) to the Eel River system (California).  Riffles and large shoals in 

the Clinch support the richest and densest assemblages.  These habitats are shallow, have the 

highest flow velocities and shear stress during lower summer flows, and often stretch across an 

entire channel (Dennis 1984, Church 1997, Krstolic 2001).  Mussels are less abundant in pools and 

deeper runs that separate these habitat patches.  In contrast, mussels in the Eel River are found 

almost exclusively in pools, near channel banks in sedge mats where shear stress and flow velocities 

are considerably lower (Howard and Cuffey 2003).  Though these mesohabitats are refugia in high 
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flows and areas of stability over many years in both drainages, they are distinctly different because 

they exist in systems flowing through systems with different topography, climate, and land use.  

Geology, soils, and land use can affect the physico-chemical nature of in-stream habitats 

throughout a river system.  Strayer (1993) reported that calcium concentrations were related to 

species and assemblages in the Susquehanna, Delaware, and Hudson river systems.  Johnson and 

Brown (2000) observed that streams differing in mussel abundance did not differ in temperature, 

dissolved oxygen, or redox potential, but they did differ in specific conductivity, water hardness, 

pH, and free CO2 concentration.  They considered these differences biologically significant because 

streams with intermediate to high-density populations had higher average means than those with 

low populations.  The physico-chemical attributes of water can also affect the reproductive success 

of freshwater mussels (Roberts and Barnhart 1999, Hienricher and Layzer 1999).   

 

SEGMENT SYSTEMS 

At an intermediate scale, distribution and abundance are influenced by changes within a 

system, at the segment scale.  Assemblage patterns change with stream size and whether the habitat 

is lotic or lentic (Parmalee and Bogan 1998).  McRae et al. (2004) and Johnson and Brown (2000) 

found that variation among segments for the physico-chemical attributes were related to mussel 

richness and abundance.  Of seven variables measured, Johnson and Brown (2000) found 

conductance and hardness to be positively correlated with the occurrence of Margaritifera hembeli.  

However, McRae et al. (2004) observed a significant negative correlation between conductivity and 

mussel richness and abundance.  Habitats in first-order tributaries have steep gradients, highly 

variable flow regimes, drastic changes over small distances, and less complex fish assemblages.  

These habitats support few mussel species.  However, some species are found primarily in such 
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habitats (e. g., Lasmigona holstonia, Parmalee and Bogan 1998).  Brönmark and Malmqvist (1982) 

noticed shifts in density and dominance of two species of mussels as habitat changed from lotic to 

lentic in a Swedish lake and its outlet stream.  As headwaters converge to form larger streams, input 

from terrestrial environments are less important, and primary production from algae becomes the 

foundation of the ecosystem (River Continuum Concept, Vannote et al. 1980).    Larger rivers 

provide larger habitat patches where mussel beds have been documented.  These beds can support 

in excess of 30 species, some of which are only found in beds (e.g., Plethobasus cooperianus, 

Miller et al. 1986 and Quadrula fragosa, Hornbach et al. 1996).  Haag and Warren (1998) 

concluded that downstream habitats support greater species richness because they are more stable 

than those in headwaters.  In the Susquehanna River (Delaware), Strayer (1993) also observed that 

distribution was associated with stream size and tidal influence. 

The common pattern of increasing richness and abundance as stream size increases is 

masked by human impacts to stream systems.  McRae et al. (2004) reported declines in richness and 

abundance in downstream segments.  The authors related this pattern to the accumulating and 

compounding impacts of land use practices and pollutants, as segments drain progressively greater 

amounts of land.     

Riparian vegetation of a segment has been correlated with unionid distribution and density 

in several studies (Leff et al. 1990, Morris and Corkum 1996, 1999).  Density of E. complanata in 

an Atlantic costal plain stream was greatest in riparian zones dominated by cypress and lowest in 

hardwood riparian zones (Leff et al. 1990).  These authors speculated that riparian composition was 

an indicator of hydrologic variation within the stream.  Morris and Corkum (1996, 1999) observed 

that riparian zones affected unionid growth and distribution, and speculated on mechanisms 

underlying this relationship.  They observed that species dominating rivers with forested riparian 

vegetation (e.g., E. dilatata) experienced slow growth throughout life, while species that dominated 
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grassy rivers (P. grandis) showed rapid growth early in life and reach a smaller maximum size at a 

younger age.  Interestingly, P. grandis occurred in both river types and demonstrates a consistent 

growth pattern, whereas Lasmigona complanata, found in both basin types as well, exhibits 

different growth patterns in each basin type.  The short-term transplant of P. grandis, E. dilatata, 

and L. complanata to two different habitats confirmed these patterns (Morris and Corkum 1999).  

Grass-dominated riparian zones usually characterize smaller rivers and streams, which have 

elevated daily temperature fluctuations, and higher concentrations of ammonia and nitrogen than 

streams with forest-dominated riparian zones.  Species adapted for life in streams with grass-

dominated riparian zones grow rapidly to a size where predation is unlikely.  Large size can also 

enable the mussel to secure a position in the substrate and avoid being swept away during periods of 

high flow.  Thermal and chemical characteristics of grassy sites also may allow for increased food 

availability, thus enabling such species to grow faster.  Arbuckle (2000) also observed relationships 

between riparian zone composition and mussel richness in Iowa streams.  Sites in streams with 

forest-covered riparian areas had higher species richness than did sites with agricultural or disturbed 

grassland riparian zones.  Forested stream margins may have many advantageous effects on 

streams, such as reducing nutrient input, moderating temperature fluctuations, and increasing 

biological productivity (Arbuckle 2000).   

Impoundments, diversions, channelization, levees, mining, and human alteration of 

groundwater resources and soils can change flow regime, sediment load, water chemistry, 

productivity, and physical habitat river systems forming artificial segments (Poff 1997, Cowell and 

Stoudt 2002).  Such anthropogenic changes affected the density and diversity of mussel fauna 

(Vaughn and Taylor 1999, Parmalee and Bogan 1998).  These changes are most obvious in rivers 

dammed by large impoundments, such as those of the Tennessee River system.  In that system, 

reservoirs replaced lotic environments to which mussels had adapted for millions of years.  Among 
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other changes, lentic habitats allowed the accumulation of sediments and where colonized by a 

different fish assemblage.  Controlled releases from impoundments adversely altered flow regimes 

and sediment loads in tailwaters (Parmalee and Bogan 1998).  Adverse tailwater conditions were 

characterized by long dry spells, interrupted by hydropeaking releases.  When reservoir levels were 

maintained during dry spells many runs and riffles were exposed and mussel populations inhabiting 

them desiccated.  During power production, hydropeaking releases scoured tailwaters with 

unseasonably cold and oxygen-deprived hypolimnetic water.  Loss of habitat caused the extinction 

of the majority of species in the genus Epioblasma, which inhabited shallow shoals in medium to 

large river segments of the Tennessee River proper and its major tributaries (Parmalee and Bogan 

1998).  Dams can change sediment loads, which have been associated with shifts in species 

distributions (Brim Box and Mossa 1999).      

Impoundment can also alter the biotic components important to mussels without 

substantially changing the chemical or physical habitat.  Kelner and Sietman (2000) discussed an 

excellent example of how host fish distribution affects mussel distribution in the Mississippi River.   

Impoundment has changed the fish populations of the Mississippi River by restricting some 

populations to specific pools, preventing upstream and downstream migrations.  The skipjack 

herring (Alosa chrysochloris), the only known host of the ebonyshell mussel (Fusconaia ebena), 

once traversed the length the Mississippi River.  Schools migrated upstream in the spring and 

downstream in the fall to overwinter in warmer waters.  The skipjack herring is now unable to pass 

through lock and dam #19 at Keokuk, Iowa.  Constructed in 1913, this dam is believed to be the 

main factor that caused the dramatic decline of the ebonyshell, a species that dominated prehistoric 

shell middens (up to 75% of shells) along the upper Mississippi River in Minnesota, Wisconsin, and 

Iowa (Theler 1987, in Kelner and Sietman 2000).  Consequently, the once abundant ebonyshell has 

disappeared from the Upper Mississippi River.   

 14



 

Channelization is also blamed for the decline of freshwater mussels in Iowa (Poole and 

Downing 2004).  Channelization destroys almost all the characteristics of natural stream habitat, 

from the elimination of microhabitat and mesohabitat heterogeneity to the alteration of the natural 

flow regime (Karr and Schlosser 1977).  Examples of channelization-induced changes in sediment 

regime associated with mussel declines are reviewed in Brim Box and Mossa (1999). 

Changes in channel floor lithology and valley morphology, as well as associated slope 

among stream segments, control habitat structures within segments.  Church (1997) observed that 

reaches with large contiguous areas of alluvium and little or no exposed bedrock support high 

mussel density (beds) in the Clinch River, Virginia.  These conditions often occur in reaches of 

braided channels.  Conversely, reaches with higher percentages of bedrock are more intensely 

disturbed during high flow events and therefore unsuitable for substantial colonization.   These 

observations remained true throughout different segments; however, the structures that created such 

conditions changed with changes in channel lithology and valley morphology.  Of the 26 braided 

reaches studied, 24 occurred on shale formations, while only 2 occurred on limestone-dolomite 

formations.  Church (1997) speculated that this was due to the thickness and greater erosion 

potential of shale-formations compared to limestone-dolomite.  In fact, the greatest number of high 

quality braided reaches occurred over the thicker of two shale formations in the Clinch River.  The 

segment of river that flowed through this formation also had a greater valley floor width and the 

lowest gradient of all formations in the river.  Thus, the lithology of this segment allowed the stream 

to meander, and provided ample floodplain and extra channels to minimize the ability of high flows 

to transport bedload.  The limestone-dolomite formations more often provided high quality habitat 

patches in the form of bedrock ledges perpendicular to flow.  Despite these segments having the 

steepest gradient in the river, they were less erodable and trapped alluvium in unbraided segments.  
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In this case, reaches provided similar high quality habitat but were ultimately controlled by the 

geology of the river segment (Church 1997).          

Hornbach (2001) divided the St. Croix River system into segments based on stream gradient 

and the location of tributaries to investigate changes in assemblage patterns.  He also found that 

assemblages varied by segments; some species were restricted to a few segments, while others were 

observed in all but one of sixteen segments.  The dam and historic St. Croix Falls had a major 

influence on mussel assemblages.  Above this barrier the river is narrower, shallower, and has a 

steeper gradient.  Hornbach (2001) also noticed a shift in species composition from the subfamily 

Ambleminae below the dam to the subfamily Lampsilinae above the dam at St. Croix Falls and 

speculated that the shift in dominance may be caused by differences in reproductive habits and fish 

host specificity between subfamilies.  Assemblage differences also were observed between 

segments of the river considered riverine (lotic) and lacustrine (lentic).  In conclusion, he speculated 

that stream gradient and migration barriers were the habitat parameters most responsible for 

differences in mussel assemblages among segments. 

  

REACHES 

 Segments can further divided into reaches.  Reaches are less discretely defined, and 

definitions often vary by the context of a study.  Frissell et al. (1986) defined a reach as a the length 

of a stream segment lying between breaks in channel slope, local side slopes, valley floor width, 

riparian vegetation, and bank material.  In mussel studies, reaches have often been classified 

according to bedrock relief, channel pattern (e.g., braided, point-bar channels), and riparian 

composition, or measured using parameters such as slope (see Church 1997) and related hydraulic 

measurements such as stream power and shear stress (Krstolic 2001, for definition see below and 
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refer to Table 1.1).  Processes that act upon reaches such as large flood events, debris torrents, 

landslides, channel shifts and cutoffs, bank erosion, and riparian vegetation succession most likely 

affect the distribution of species, structure of assemblages, and the development of mussel beds.  

Church (1997) found that two reach formations supported dense and diverse mussel 

populations in the Clinch River.  When the river flows in the direction of geologic dip, bedrock 

formations perpendicular to flow trap alluvium to create long-term stable habitats capable of 

supporting mussel beds.  Mussel beds also were present in reaches of braided stream where valley 

floor was widest.  During high flows, channels, islands, and floodplains provide extra water 

capacity, preventing excessive scouring of the main channel.  Reaches with higher percentages of 

exposed bedrock supported smaller populations.  Such reaches are periodically scoured, displacing 

alluvium and mussels.  Though microhabitat patches in scoured reaches appear suitable and even 

similar to microhabitat patches of stable reaches during lower flows, the high proportion of bedrock 

belies a more violent nature during high flows (Church 1997).  Johnson and Brown (2000) also 

concluded that reaches composed of long-term stable substrates supported mussel beds in Louisiana 

tributaries of the Red River.      

Krstolic (2001) compared the hydraulic parameters of riffle complexes among reaches in the 

Clinch River, Virginia and Tennessee.  She found that simple hydraulic measurements (mean 

column velocity, depth, width) varied little among reaches, however complex hydraulic parameters 

demonstrated significantly different patterns between “high” quality reaches, which supported a 

richer and denser assemblage, and “low” quality reaches (complex hydraulics are discussed in depth 

below).  In early summer, shear stress and stream power were almost twice as high at high quality 

reaches, but by late summer these measurements were similar.  Shear stress is the force acting 

parallel to objects on the streambed pushing them downstream.  Stream power describes the erosive 

capacity of a stream.   At “low” quality reaches these parameters, on average, increased as flow 
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lessened in late summer, but decreased at “high” quality sites.  She concluded that higher shear 

stress kept riffles free of sediments that might clog interstitial flow in substrate.  Higher shear stress 

in early summer might be especially important, as that is when more sediment enters the basin.  

Conversely, high shear stress in late summer may prevent recruitment.   

Krstolic (2001) proposed a more interesting pattern following a classification scheme 

proposed by Lancaster and Hildrew (1993) pertaining to shear stress refugia, a hypothesis also 

explored by Strayer (1999) at a smaller scale.  All “high” quality reaches are Type II reaches where 

high discharges create greater shear stress followed by lower shear stress during lower discharges.  

According to the Lancaster and Hildrew (1993) classification scheme, “low” quality reaches were 

either Type I or III.  Type I reaches have low shear stress throughout the flow regime.  Conversely, 

Type III reaches have high shear stress regardless.  These types have potential biological 

implications that may explain differences in species richness and density of individuals among 

reaches.  Substrates in Type I reaches are always clogged by finer sediments preventing interstitial 

flow, which may be critical to juvenile and adult respiration and feeding.  Additionally, lower flows 

at these reaches supply less oxygen and food.  Flow conditions in type III reaches prevent 

colonization and subsequent recruitment because bed load is more susceptible to displacement and 

juveniles and adults may be more easily washed downstream.  Higher flows in type II reaches 

provide a balance where food supply and oxygen are adequate, and inundation of smaller sediments 

and potential for dislodgement are minimized.   

Contrasting the conclusions of Krstolic (2001), Stone et al. (2004) found that shear stress 

was significantly lower in reaches with Margaritifera falcata in a southwestern Washington stream.  

This finding is more intuitive as mussels are probably less likely to be dislodged in reaches with 

lower shear stress.  Gangloff (2003) observed a similar pattern to that of Stone et al. (2004) when he 

compared reaches within the Upper Alabama drainage by measuring flow conditions at base flow 
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and bankfull discharges.  Of all variables measured, he found that shear stress values at bankfull 

discharges was the best predictor of mussel richness and abundance among reaches.  Base flow 

hydraulic parameters explained only minor variation in richness or abundance and was highly 

correlated with velocity and stream size.  

Hastie et al. (2003) used the River Habitat Survey (RHS) method to describe physical 

attributes of reaches in the River Spey in northeast Scotland.  This survey is a semi-quantitative 

classifications system that accounts for differences among segments (altitude, valley form, and 

solid/drift geology), reaches (bank material, modifications, channel vegetation type, riparian land 

use, and channel slope), and structure within reaches (substrate and flow type).  Several parameters 

were associated with the presence of Margaritifera margaritifera at a reach, including dominant 

channel substrate, flow type, aquatic vegetation, and riparian vegetation.    

Major disturbances, such as 100-year floods, can change the morphology of a reach.  

However, reaches of rivers are not equally affected by such events because differences in location 

in a stream system and underlying bed structure can mitigate such events (Church 1997).  Major 

floods can affect the location of mussel beds within river segments and reaches, as Hastie et al. 

(2001) demonstrate.  In the River Kerry (northwest Scotland), some reaches were severely altered 

by a 100-year flood event, while others remained unchanged.  Changes among and within reaches 

destroyed some mussel beds and altered the location of others.  These events may even result in the 

creation of new mussel beds where dislodged beds are deposited.  Creation of mussel beds by these 

means can confuse interpretation of studies attempting to identify forces responsible for habitats 

suitable for massive colonization (Hastie et al. 2001). 
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MESOHABITATS (POOL/RIFFLE SYSTEMS) 

The habitats discussed above are often referred to as macrohabitat, whereas smaller habitat 

units, which are more frequently disturbed, are commonly referred to as microhabitat.  The larger of 

these habitat systems, mesohabitats, are commonly characterized by changes in bed topography, 

water slope, bank configuration, hydrodynamic pattern, their relation to the main channel, and 

dominant substrates immovable during annual flooding (Frissell et al 1986).  Mesohabitat can also 

be considered a relatively homogenous collection of microhabitat patches, and may be characterized 

by flow velocity, depth, and substrate composition.  Studies often refer to mesohabitat and 

microhabitat characteristics interchangeably.  Regardless, descriptions at these two scales are 

important for explaining patterns of distribution within reaches.  Mesohabitat types are commonly 

referred to as riffles, runs, and pools in mussel studies; however, several other more specific types 

have been identified including glide, rapid, fall, cascade, plunge pool, etc.  Forces that act upon 

mesohabitats, such as input or washout to wood and boulders, small bank failures, flood and scour 

depositions, changes in bed form, and bedload resorting, most likely affect the structure of 

assemblages and perpetuations of populations, and survival of individuals within reaches (Frissell et 

al. 1986, Jowett 2003).  Several studies have documented differences in mussel assemblages among 

mesohabitats.  Ultimately, differences among communities associated with mesohabitats may be 

related to microhabitat tolerances and preferences of species or to temporal stability of 

mesohabitats.  For example, riffles may be the most stable mesohabitats in many rivers, because 

they are the least disturbed by floods (Resh et al 1988).   

An example where mesohabitat and microhabitat are used interchangeably is Sickel (1980).  

Sickel (1980) observed that species in the Southern Atlantic Slope Altamaha River were associated 

with mesohabitat types that had vastly different substrate and flow conditions.  Mesohabitats that he 

encountered and compared were protected sloughs (dominated by a silt and clay substrate), main 
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channel (fine sand and silt), swiftly flowing sand bars (very coarse to fine sand), and protected 

riverbanks (fine sand with some coarse silt).  He found species density and distribution were 

associated with these mesohabitats and focused on the substrate characteristics of the mesohabitats. 

Mesohabitat type is a useful scale at which to define habitat use by species, because units 

can be easily identified (Frissell et al. 1986).  Brim Box et al. (2002) divided reaches of the coastal 

plain basin of the Apalachicola, Chattahoochee and Flint rivers into bank, slope, and channel 

habitats that differed by substrate and often coincided with gradient. Brim Box et al. (2002) found 

most mussels in bank habitats, while channel habitats were least inhabited.  Tucker et al.  (1996) 

observed differences in assemblages between two habitat types in the backwaters of the lower 

Illinois River and Pool 26 of the Upper Mississippi River.  Types in this study were differentiated 

by the degree to which they were connected to main channels.  Contiguous backwaters supported 

more diverse assemblages near their connections with the river, while isolated backwaters supported 

fewer species.   

Vannote and Minshall (1982) and Howard and Cuffey (2003) observed that specific 

mesohabitats and related microhabitats provided refuges for mussels in rivers with violent flow 

regimes.   Vannote and Minshall (1982) observed relationships between flow and substrate 

composition of mussel habitat, which they used to explain how habitat needs controlled the 

dynamics of two freshwater mussel species (Margaritifera falcata and Gonida angulata) in the 

Salmon River Canyon (Idaho).  They found that live and relic mussel beds dominated by M. falcata 

consistently occurred on “ramp-like” runs, characterized by stable cobble and boulder substrate, 

connecting deep pools to riffles or rapids.  A unidirectional laminar flow dominates these runs, 

bringing a consistent flow of food in one direction.  The unidirectional flow allows for optimal 

valve orientation into the flow, versus omni-directional current of turbulent habitats.  Vannote and 

Minshall (1982) speculated that mussels avoided pools because they are scoured in floods and were 
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sites of sedimentation during low flows.  Greater aggradations of the river have buried several of 

these runs with sand, contributing to the decline of M. falcata and its replacement by G. angulata, a 

species that appears to have morphological and behavioral adaptations better suited for greater 

sedimentation in aggraded rivers.  In the Eel River of California, Howard and Cuffey (2003) 

observed that high flow refuges enabled the persistence of mussels in this extremely variable system 

at both mesohabitat and microhabitat scales.  Mussels in this system lived almost exclusively in 

pools, near channel banks and in sedge root mats that had lower shear stress and velocities.   

Several studies have found classification at the mesohabitat scale useful in explaining 

species and distribution.  Vaughn and Pyron (1995) observed that mesohabitat type was an 

important component of a model that predicted presence/absence of Arkansia wheeleri in the 

Kiamichi River, Oklahoma.  Johnson and Brown (2000) reported mussels to be rare in deep 

stagnant pools with silt-covered bottoms and more common in mesohabitats with shallow wide 

areas.  This is a common conclusion in the Clinch River, Virginia and Tennessee, where mussel 

density and diversity is highest in riffles and shoals where flow is fast and shallow, and lowest in 

pools and slower runs (Dennis 1984).  Habitat types within lakes can also differ in mussel density 

and richness.  Zanatta et al. (2002) concluded that ice scour, wave action, and seiche events created 

refuges for native mussel assemblages from the invasive zebra mussel in Lake St. Clair.   

Traditionally, many species have been linked to mesohabitat types.  These habitats are easily 

classifiable by visual survey.  Most field guides and management plans describe habitat of species 

according to stream size, mesohabitat type, and then to microhabitat descriptions such as substrate, 

velocity, and depth (Parmalee and Bogan 1998, Cummings and Mayer 1992).  However, the studies 

above demonstrate that associations with mesohabitat type may vary by reach, segment, and river 

system. 
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MICROHABITAT 

Microhabitats are patches within mesohabitats and reaches that have relatively homologous 

substrate type, water depth, and velocity (Frissell et al. 1986).  Microhabitats are altered at least 

annually, but their character, especially flow characteristics, can change over days, weeks, or 

months (Frissell et al. 1986).  Understanding habitat at this scale can explain behavior, survival of 

individuals, and colonization of juveniles.  Recent studies at the microhabitat scale can be broken 

into three groups: studies focused on substrate alone, basic multivariate studies that measure 

substrate and simplistic flow characteristics; and recent studies that incorporate complex hydraulics, 

substrate, and simplistic flow characteristics. 

Several studies have demonstrated association between substrate composition and mussel 

abundance and distribution (Kat 1982, Lewis and Riebel 1984, Bailey and Green 1988, Bailey 

1989); however, it is still unclear whether certain substrates are preferred over others and whether 

substrate is of primary or secondary importance to a mussel (Kat 1982, Lewis and Riebel 1984).  

Substrate also seems to be more important in lentic studies but of secondary or limited importance 

in lotic studies (Layzer and Madison 1995, Hardison and Layzer 2001, Brim Box et al. 2002), but 

exceptions occur (Huehner 1987, Hastie 2001).  The former exception is often cited, but is deeply 

flawed by statistical design and analysis, including but not limited to pseudoreplication.       

Some authors have suggested that shell morphology variation among and within species is 

due to adaptation to different substrates (ecomorphology) (Tevesz and McCall 1979, Bailey 1989, 

Kesler and Bailey 1993, Watters 1994).  If substrate dictates distribution and adaptation of unionids, 

a mechanism affecting fitness or survival must underlie the relationship.  Lewis and Riebel (1984) 

hypothesized that distribution of a species was determined by ability to burrow in different 

sediments, and that establishment and persistence in a substrate affects survival, growth, and 

reproduction.   Though the hypothesis was not adequately supported by manipulative experiments, 
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all three species more efficiently burrowed in sand than other substrates (clay, mud, and gravel).  

Hamilton et al. (1997) found that translocations of mussels to distinct habitats described by 

substrate type also had profound effects on survival.  Kat (1982) demonstrated that substrate 

affected the growth rate of Elliptio complanata.  Though E. complanata appears to be a substrate 

generalist, occurring naturally in various substrates, its growth rate is much slower in a muddy 

substrate.  He speculated that the loose structure of mud required constant repositioning.  

Additionally, fine substrates are related to a weak current that supplies fewer nutrients per unit time.  

The relationship between fitness and microhabitat is not limited to E. complanata.  Lampsilis r. 

siliquoidea, another microhabitat generalist, grew faster and formed thicker shells in more exposed 

habitats in a Lake Erie bay, though it naturally occupies a diversity of microhabitats (Bailey and 

Green 1988).  The exposed microhabitats had greater currents and sandier sediment, whereas other 

microhabitats had mud and silt-dominated substrate and less flow (Bailey and Green 1988).  

However, in substrate preference tests in artificial ponds L. r. siliquoidea demonstrated a clear 

preference for mud substrate over sand, regardless of being collected from a sand or mud habitat 

(Bailey 1989).  Hinch et al. (1986) concluded that shell growth rate was genetically determined, but 

shell shape was influenced by habitat.  Hinch et al. (1986) used dominant substrate particle size to 

describe habitats.   

These studies demonstrate that some species have a preference for substrate conditions and 

that colonization of different habitats characterized by substrates can influence growth and shell 

morphology.  Whether preference for substrates drives habitat use or is an easily recognized 

surrogate for other processes that affect habitat is disputed.   Downing et al. (2000) observed 

contrasting patterns of substrate use in laboratory settings to those observed in natural lake 

populations and suggested that habitat use was regulated by factors other than substrate 

composition.  Substrate selection is important to marine bivalves, but Tevesz and McCall (1979) 
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speculate that there may have been no selective pressure for freshwater mussels to evolve a 

behavioral preference for substrate types.   

Basic measurements that describe flow over a microhabitat patch, such as velocity and 

depth, are commonly used along with a substrate metric to describe microhabitats.  Many studies 

have also used parameters such as distance from bank, instream cover, and coarse woody debris 

(Haag and Warren 1997).  Studies that measure this traditional suite of microhabitat parameters 

have produced conflicting conclusions to the following questions (Strayer 2004).  Do species 

demonstrate predictable use of microhabitat patches?  Does microhabitat use differ among species?     

Three observations led Strayer (1981) to conclude that unionids in Michigan streams have 

broad microhabitat tolerances.  First, many species that coexisted at a site occupied similar 

microhabitat patches.  Second, species had broad micro-distributions within sites, leading to large 

interspecific overlap.  Third, microhabitats occupied by a species varied among sites (this point may 

demonstrate confounding affects of processes at greater scales effecting local habitats).  Strayer 

(1981) proposed that broad tolerances were the result of juvenile dispersal over a large, 

heterogeneous area.  Random dispersal over diverse microhabitats by host fish and stream flow 

fueled selective pressure toward microhabitat generalization.  Microhabitat is clearly not a limiting 

factor in these streams because densities never approach hypothetical carrying capacity for food 

availability.  Thus, there is no selective pressure toward specialization by mussels (Strayer 1981).  

Overlapping habitat use has lead several investigators to pool all species together for analysis at the 

microhabitat scale (Layzer and Madison 1995, Hardison and Layzer 2001)   

Nevertheless, subtle differences in habitat use have been observed among species.  Salmon 

and Green (1982) used multivariate ordination statistics to interpret results of a microhabitat study 

in the Middle Thames River, Ontario.  Velocity, depth, substrate type, percent vegetative cover, and 

distance from shore were used to characterize 0.252 m quadrats.    These researchers found 
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difference among microhabitats occupied in multivariate space but in the end could not easily 

designate gradient upon which variation was important.  They concluded “environmental patterns 

that are relevant to unionids, and perhaps to other biota as well are not necessarily the patterns we 

can easily see and quantify (Salmon and Green 1982).”  Holland-Bartels (1990) also found subtle 

differences in habitat use among species along a multivariate gradient.  She measured velocity 

during high and low discharges, substrate, sediment, species richness, and mussel density at 186 

systematically assigned microhabitat sites in a major channel of the Upper Mississippi River.  

Mussels were present across the entire range of microhabitats, though densities varied.  Significant 

but weak correlations between both substrate type and velocity and abundance were observed.  

However, discriminant analysis models successfully predicted abundance at only 44% of sites.  A 

multivariate factor analysis demonstrated subtle differences among most species with a few 

demonstrating clearly different abundance patterns.  Holland-Bartels (1990) concluded that more 

intensive sampling was needed to adequately define differences in habitat use among species.  

Other studies have concluded that some species demonstrate clear differences in 

microhabitat use within an assemblage.  Hornbach et al. (1996) sampled microhabitats in two 

reaches of the St. Croix River (Minnesota and Wisconsin) to quantify microhabitats occupied by the 

endangered Quadrula fragosa.  Comparisons were made between habitat occupied by a community 

of 30 species and by Q. fragosa.  This species was observed in significantly shallower 

microhabitats, with significantly lower bottom velocity compared to the overall assemblage.  

Significant differences in substrate composition were not detected.  Mussel densities were 

significantly higher, and species composition was significantly different when Q. fragosa was 

present.   

Many multivariate studies have noticed correlations between mussels and parameters used to 

describe substrates, whereas others have observed no associations.  Leff et al. (1990) observed that 
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categorical substrate type was related to E. dilatata density as were simple hydraulic measurements 

(flow, width, and depth), leading him to conclude that relationships between substrate and E. 

dilatata was correlated with hydraulic forces that ultimately determined substrate composition.  

Myers-Kinzie (1998) concluded that substrate was less important in determining adult mussel 

occurrence than other factors including basin size, shear stress, fish species richness, and hydrologic 

variability measured in small Wabash River tributaries of Tippecanoe County, Indiana.  Hastie et al. 

(2000) found that among all microhabitat parameters measured, substrate was the best for 

describing M. margaritifera habitat in the Kerry River of Northwest Scotland.  Adults were more 

tolerant of a variety of substrates, but juveniles primarily used refugia stabilized by boulders in 

which small sand patches were available for burrowing.  

In addition to evaluating the relevance of using substrate characteristics to explain mussel 

distribution within reaches, Strayer and Ralley (1993) questioned the application of all traditional 

microhabitat descriptions to do so.  They concluded that traditional microhabitat descriptions, 

including velocity, depth, presence or absence of macrophytes, distance from shore, and certain 

aspects of sediment granulometry were of limited value for understanding mussel distribution.  

They suggested geomorphologic descriptions of the streambed or studying mussel macrohabitat at 

spatial scales of hundreds of meters might yield more powerful predictive models.  Other studies 

have supported this view (Holland-Bartel 1990, Layzer and Madison 1995); nevertheless, mussel 

ecologists have not abandoned the microhabitat approach because microhabitat conditions are of 

great importance in some systems (Johnson and Brown 2000).  Additionally, this scale of 

investigation has been useful for explaining distribution of fish and aquatic invertebrates.   

Differences in observations and conclusions pertaining to microhabitat parameters are not surprising 

when one considers processes that act upon higher scales.  This does not mean that study at this 
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level is unimportant, but it does require researchers block for differences at reach, segment, and 

stream scales.    

Attempting to determine flow and substrate needs that can be incorporated into stream 

habitat simulations (e.g., PHABSIM), Layzer and Madison (1995) applied the Instream Flow 

Incremental Methodology (IFIM) to describe hydraulic conditions preferred by mussels under flow 

conditions.  This methodology is commonly used to define fish habitat preference patterns and 

create habitat suitability curves (or criteria) to manage habitat for species in altered lotic systems.  

Simple microhabitat parameters, such as velocity, water depth, and substrate particle size 

categories, were used to create habitat suitability curves.  These curves indicated a clear preference 

for certain hydraulic conditions, but due to the limited mobility of mussels, they were considered to 

be flow-conditional.  This conclusion supports that of Strayer and Ralley (1993), who concluded 

that hydrological variability plays a major role in mussel distribution.   

Though Layzer and Madison (1995) consider their habitat suitability curves to be of limited 

value for determining conservation flows for mussels, their curves demonstrate that simple 

hydraulic variables (velocity, water depth and substrate size) can be used to describe microhabitat 

preferences at base flow (0.03 m3s-1).  Despite low predictive power of traditional hydraulic 

variables and substrate characteristics, this study is of particular interest because it represents a 

major shift in study of mussel habitat.  This study led to the common use of complex hydraulic 

parameters to describe mussel habitat across several scales in the last ten years.  Incorporating 

complex hydraulic variables to describe flow follows the recommendations of Statzner et al. (1988).  

Many subsequent studies have successfully employed complex variables to describe habitat and 

distribution of benthic macroinvertebrates (Wetmore et al. 1990, Cobb et al. 1992, Quinn and 

Hickey 1994, Bouckaert and Davis 1998, Lloyd and Sites 2000, Jowett 2003, Mérigoux and 

Dolédec 2004)  
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Use of complex hydraulics to describe microhabitats and habitats at greater scales has 

become increasingly popular because these parameters appear to be related to mussel distribution 

across several faunal provinces and in rivers flowing through vastly different geology and 

topography (Layzer and Madison 1995, Myers-Kinzie 1998, Hardison and Layzer 2001, Krstolic 

2001, Gangloff 2003, Stone et al.  2004). These studies follow the hydraulic stream ecology 

approach for describing habitat originally proposed by Statzner et al. (1988).  This approach applies 

complex hydraulic parameters, which more accurately describe the reality of a flowing system, in 

an attempt to increase replicability and predictability in studies of running water ecosystems 

(Statzner et al. 1988).  Complex hydraulic parameters used in mussel studies are presented and 

discussed below.   

Shear stress is a complex hydraulic variable that measures the pressure of water parallel to a 

surface, or alternatively defined as the drag of an object in a stream (Gordon et al. 1992).  Layzer 

and Madison (1995) found that shear stress (τs, Table 1.1.) was significantly correlated with mussel 

abundance for moderate flows (0.03 to 2.18 m3s-1).  This hydraulic variable may be the most 

important parameter for understanding mussel distribution at several scales.  Layzer and Madison 

(1995) found that the range of moderate flows best characterized by shear stress coincides with the 

period during which mussel recruitment is occurring.  They postulated that high shear stress 

calculated at most mussel beds during high flow (9.35 m3s-1) might adversely affect juvenile 

recruitment.  Shear stress was mentioned several times in previous discussions because it has been 

an important metric in studies that consider distribution at the reach level.  For example, Myers-

Kinzie (1998), Gangloff (2003), and Stone et al. (2004) observed a significant negative correlation 

between calculated shear stress at high flow with abundance and number of species.  Krstolic 

(2001) likewise demonstrated that shear stress was significantly different between high quality and 

poor quality mussel beds.   
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Hardison and Layzer (2001) measured mean water column velocity, depth, substrate 

roughness, and FST hemisphere (shear stress measurement, see below) number in a stratified, 

random sampling of sites in three streams.  Using these metrics, they observed correlations between 

mussel density and these metrics within sites.  These observations were largely site-specific.  

However comparisons among sites demonstrated consistent negative correlation existed at each site 

between mussel density and complex variables, including FST hemisphere number, Froude number 

(Fr), Reynolds roughness number (Re*), and shear velocity (U*).  This study suggested that complex 

hydraulic parameters may explain forces that actually affect distribution within sites, and these 

relationships may be transferable among sites despite influences at greater scales.  Calculations of 

these and other related parameters can be found in Table 1.1.   

To fully understand how shear stress, the use of FST hemisphere, and other complex 

hydraulics measurements are interrelated and why they are biologically significant to mussels, these 

metrics should be placed in the context of the boundary layer concept (Statzner et al. 1988, Davis 

and Barmuta 1989, Carling 1992, Quinn and Hickey 1994, Jowett 2003). Friction induced by water 

flowing over the bed of a river disrupts the flow structure of the water column.  This disrupted 

layer, strongly affected by the composition of a bed, is the boundary layer (Carling 1992).  Water 

that flows over a theoretical smooth surface is laminar (flowing in linear stream lines) and appears 

to slide across the surface of a substrate.  However, in a natural system near-bed stream flow is 

turbulent.  Turbulence is caused by random secondary flows that are formed by water shearing with 

the substrate, which then disrupt the dominant unidirectional flow.  Turbulence can be partitioned 

into two categories: smooth and rough.  Smooth turbulence is associated with substrates that are 

structurally smooth, such as fine sand.  Under smooth turbulence, the thickness of what is called the 

laminar sublayer is predominantly influenced by viscosity and shear velocity, rather than random 

secondary flows.  If bed roughness is greater than the thickness of this sublayer, flow is dominated 
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by turbulence and the sublayer is disrupted and effectively absent, a condition know as rough-

turbulence.  Reynolds number (Re, Table 1.1) is used to describe the nature of the boundary layer in 

terms of turbulence.  It is a dimensionless number describing the nature of this layer, as it exists in 

transition between two extremes: smooth- and rough-turbulence.  Laminar flows dominated by 

viscous forces have Reynolds numberless than 500. Reynolds number can be heavily influenced by 

depth (Davis and Burmuta 1989).  For example, a topographically rough substrate may actually 

create a smooth-turbulent flow (Re = 500) if water depth is great enough. 

Many benthic invertebrates have body designs that reduce drag, allowing them to maintain 

stability in flows with greater Reynolds number values (Carling 1992).  Nevertheless, there seems 

to be a critical Reynolds number value that once exceeded, a benthic invertebrate can no longer 

resist fluid force (characterized by shear stress).  Reynolds number and shear stress provide 

parameters for the reality inhabited by benthic invertebrates.  Shear stress is often calculated by two 

indirect methods: one relies on a slope measurement (τs, Table 1.1), while the other is based on 

theoretical zero velocity point calculated from a log-velocity profile (τp, Table 1.1).  Statzner and 

Muller (1989) developed a third, more direct method to gauge local shear stress, using FST 

hemispheres.  This simple method overcomes theoretical and time-consuming constraints of the 

aforementioned methods by directly characterizing the overall hydraulic nature of a specific point 

on a streambed.  Slope-derived shear stress fails to account for the overall hydraulic nature 

particular to a channel.  For example, it gives no consideration for the effects of vegetation, gravel 

bars, or bedrock, or to the roughness of a substrate at point.  Instead, it provides a generalized value 

for a reach.  Accounting for the hydraulic effects of channel morphology, a velocity profile can be 

used to accurately characterize shear stress in the vicinity of a point if the substrate size is uniform.  

Nevertheless, measurement of multiple velocity profiles are time consuming, and choosing a model 
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that accounts for other factors within a channel can add overwhelming complexity and potential for 

error to this metric.   

FST hemispheres also offer a standardized measurement, thereby eliminating the great 

variation among shear stress measurements by different investigators (Dittrich and Schmedtje 

1995).   A FST hemisphere set includes 24 hemispheres of identical size (3.9 cm radius) and surface 

properties that vary by density (1.015–10.009 g/cm3).  Hemispheres are placed on a level horizontal 

plane at the bottom of a stream in a sequential order from least (no. 1) to most dense (no. 24).  The 

heaviest hemisphere moved by shear stress and other hydraulic conditions is considered the FST 

number.   

FST hemisphere numbers are strongly affected by bottom topography (Dittrich and 

Schmedtje 1995).  In rough-turbulent flow a linear relationship exists between shear stress and 

hemisphere density.  However in smooth turbulence, that relationship is not so simple.  Dittrich and 

Schmedtje (1995) found that shear stress derived from models using small values of substrate 

roughness and mean depth over-estimated FST numbers.  From these models, they also discovered 

that the relationship between FST numbers and shear stress also deviated from expected at 

substrate-to-depth ratios less than 4.  They concluded that FST hemisphere measurements provide 

more information about benthic habitat than shear stress measurements.  Other factors are thought 

to characterize benthic flow, influencing micro-distribution of benthic inhabitants, such as shear and 

lift, but few studies have evaluated the effects of these forces.  However, Dittrich and Schmedtje 

(1995) believe FST hemisphere number is also influenced by these factors.  In conclusion, FST 

hemisphere number provides more information than any simple or complex hydraulic measurement 

alone or in concert within a model.  Additionally, this method provides a metric that can be easily 

compared among studies and replicated by investigators. 
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Related to the use of FST hemispheres to gauge shear stress is a method used by Strayer 

(1999) to map temporal shear stress refuges within reaches by placing tracer particles of uniform 

mass and size.  The movement of these tracers was monitored one year after placement.  Those 

patches with little tracer particle movement were considered refuges.  Mussel beds also were 

mapped and compared to refuge locations.  Beds and refuges were spatially coincident, while other 

measurements, including depth, velocity, and substrate size had little association with mussel beds. 

Additional complex parameters used to describe habitat at the reach, mesohabitat, and 

microhabitat level include Froude number and stream power.  Froude number (Fr, Table 1.1) is a 

dimensionless value for the ratio of inertial to gravitational forces.  Its value places stream flow 

between two extremes, tranquil flow and rapid or shooting flow.  Values greater than one are 

usually observed in high gradient mountain streams.  Stream power (Pa, Table 1.1) is positively 

correlated with sediment transport and slope.  Higher values describe conditions where benthic 

habitat has more potential to be eroded by flow (Gordon et al. 2004).   

 Issues of scale and relevant metrics cloud the debate over whether microhabitat is or 

is not important to freshwater mussel distribution and whether it explains structure within 

communities.  Several studies claim to be comparing microhabitat, but fail to block for structure and 

processes occurring over greater scales.  Bailey (1992) suggests an approach for accounting for a 

nested habitat hierarchy, but any attempt to consider structure in habitat should improve power of 

analysis.   A shift toward complex hydraulic measurements and consideration of flow refuges within 

reaches have demonstrated that microhabitat conditions are important, but in many cases secondary 

to reach characteristics.  Differences among microhabitat patches during high flow conditions have 

profound influences on mussel distribution (Strayer 1999), but are difficult and dangerous to 

measure because they involve instream assessment during flood events.  This does not mean 

differences among microhabitat patches at base flow are not important.  During drought years and 
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in streams with high sediment inputs, base flow conditions can affect juvenile survival by clogging 

interstitial spaces or adversely affect reproductive success (see discussion of Ptychobranchus 

occidentalis lures in Strayer 2004).  Additionally, characteristics of microhabitat patches, such as 

substrate composition or stability in some streams, observable under base flow conditions may 

provide clues concerning flow over the last year.  Base flow and lower flows are typically the times 

when mussel glochidia infest hosts.  Flow conditions during attraction and/or infestation of hosts 

may be extremely important.    

 

FISH HOSTS: HABITAT CONPONENT OR CONFOUNDING FACTOR? 

Many previously discussed studies have noted the role of host fishes in determining habitat 

occupancy at the reach and segment level; however, Vaughn (1997) and Hagg and Warren (1998) 

presented the most compelling evidence that fish hosts affect distribution of mussels among and 

within stream systems.  The former argued that fish host patterns were the dominant force shaping 

richness and abundance patterns at the regional level (among major stream systems); the latter 

demonstrated that patterns within a stream system were best explained by host fish patterns and 

mussel infestation strategies.  Haag and Warren (1998) measured several microhabitat parameters 

(depth, velocity, substrate compositions, and percent of sampling unit covered by wood, vegetation, 

and leaf litter) for 43 to 51 0.25 m2 quadrats at sites in two Alabama drainages.  These 

measurements were used to calculate habitat diversity for sites.  Mussel assemblages at sites were 

then compared to habitat diversity, host fish assemblages, and reproductive strategy.  These habitat 

metrics are inappropriate for comparisons among reaches and segments because they are controlled 

by structures such as channel morphology, bedrock relief, bank composition, and riparian 

vegetation that influence microhabitat within reaches.  Nevertheless, their results demonstrate that 
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host fish have an important role in explaining mussel assemblage patterns.  They also observed that 

reproductive strategy was an important part of this relationship.  The density of host-specialist 

mussels with elaborate host-attracting mechanisms and host-generalists were independent of host 

fish density whereas densities of host-specialist mussels without elaborate host-attracting strategies 

were positively correlated with fish host density.  Watters (1997) elaborated on the mussel-host fish 

density relationship via computer models, concluding that stable mussel populations are sensitive to 

host numbers.  He found that fish populations are maintained as long as they stay above a threshold 

level, however populations at this threshold are much lower than that required to support a mussel 

population.  Thus, theoretically a mussel can be extirpated from a given area if its host’s population 

decreases, though that host population remains stable.  This model has yet to be tested.  

Though host populations are of obvious importance, Myers-Kinzie (1998) found that factors 

other than host fish availability limited overall mussel distribution in the Wabash River drainage.  

Distribution of Potamilus alatus, Leptodea fragilis, and Truncilla truncata closely corresponded 

with host distribution, but in most cases the ranges of host fishes greatly exceeded those of obligate 

mussels (Myers-Kinzie 1998).  Fish hosts play some role in the distribution of mussels, but the 

extent of that role may be ultimately determined by post-parasitic survival, such as suitable 

microhabitat availability and hydrological variability.  

   

SYNTHESIS OF LITERATURE  

Four trends are apparent in the study of mussel habitat ecology.  First, observations have 

progressed from subjective and anecdotal to objective hypothesis-driven studies.  Second, there has 

been a shift from simplistic habitat measurements such as substrate class, depth, and velocity, 

toward incorporation of more technical measurements including complex hydraulic parameters that 
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account for channel morphology.  Third, researchers conducting habitat studies have become more 

conscious of scale and the processes that shape habitat at different scales.  Finally, microhabitat 

studies dominate the literature.  Focus on this scale may be a consequence of the fragmented nature 

of mussel distribution in basins due to anthropogenic alteration of habitat.  When ecologists design 

studies and when managers develop goals, these trends should be acknowledged and gaps should be 

addressed. 

 Little is known about the mechanisms that ultimately control habitat use although many 

associations with physical structure, flow regime, and the physico-chemical nature of water have 

been observed.  Many investigators view occupation of a habitat as a passive process.  Juveniles 

drop from fish hosts and land in suitable or unsuitable habitat.  Juveniles and adults distribution 

patterns are the product of processes acting on several scales and are not the product of active 

selection.  Other investigators have investigated behavioral preferences for substrate type.  In one 

study, Payne et al. (1999) monitored the affects of turbulence and suspended solids on physiological 

conditions of two species.  This study represents an attempt to connect fitness with habitat 

tolerance.  Studies such as this may elucidate tolerances for microhabitat conditions, such as flow 

and substrate composition, and ultimately help to explain habitat use patterns.   

Most habitat studies thus far have been observational.  The postulated explanations drawn 

from correlations and associations with many parameters in these studies have yet to be tested.  For 

example, is shear stress more important to an adult in a habitat or to the survival of a juvenile and at 

what point does shear stress dislodge an individual?  It is often acknowledged that fish hosts affect 

distribution and habitat use at several scales.  No studies have sought to understand how fish host 

and mussel habitat use overlap.  Nor has any study attempted to understand whether physiological 

and nutritional requirements are more or less important than access to fish hosts.     
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Future studies should clearly define the scale of investigation and use tools appropriate to 

the scale(s) of interest.  Studies that incorporate multiple scales will be effective and useful for 

uncovering ecological relationships and setting management goals.  Unfortunately these studies will 

continue to be hampered by the ever more fragmented nature of the fauna.  Investigators should be 

careful to acknowledge differences between ecological relationships and the anthropogenic 

influences disrupting such relationships.  

Finally, though these studies use different metrics and come to different proximate 

conclusions, many of them end with the same ultimate explanation that mussel distribution and 

abundance is associated with the temporal stability of habitats (Strayer and Ralley 1993, Di Maio 

and Corkum 1995, Strayer 1999, Hastie et al 2001, Krstolic 2001, Gangloff 2003, Stone et al. 

2004).  As freshwater mussels likely remain in a microhabitat patch for their entire life, their ability 

to survive to maturity and reproduce can be affected by the persistence of that patch.  Events and 

processes acting on the stream system as a whole, segments, reaches, and mesohabitats affect the 

stability of a microhabitat.  Additionally, stable habitats at any scale, be it an entire system during 

formation and recession of glaciers or stable reach during a 100-year flood, serve as sources for 

repopulation. 
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Chapter 1: Review 

Table 1.1.  Equations and symbols for hydraulic parameters used to describe freshwater 
mussel habitat. 

 
Simple hydraulic parameters 
D Depth (m) 

g Accelerations due to gravity (cm/s2) = 9.8 m/s2

k Substrate roughness (dimensionless) 
U Mean column velocity  
Uy Velocity at y distance above the bottom (cm) 
v Kinematic viscosity (cm/s) 

ρ Density of water (g/cm3) 
S Slope of water surface (dimensionless) 
w Stream width (m) 
Q Discharge = DwU 

  
Complex hydraulic parameters 

Uf Friction velocity (cm/s) = 0.4Uy(ln y-ln yo)-1

yo Distance above bottom at which a regression of ln y versus Uy indicates a velocity  
Fr Froude number (dimensionless) = U(gD)-0.5

Re Reynolds number (dimensionless) = UDv-1

Re* Reynolds roughness number (dimensionless) = U*kv-1

τs Slope derived shear stress (µN/cm2) = 10*gSDρ 

τp Log-velocity profile derived shear stress (µN/cm2) = Uf
2ρ 
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Figure 1.1.  Spatial and temporal scales relevant to the persistence and extent of habitats within the 
nested habitat hierarchy are represented in this figure (Frissell et al. 1986).  The horizontal axis 
represents the scale of continuous potential persistence of habitats and the vertical axis represents the 
spatial extent of habitat patches at each scale.  Below the temporal scale axis, I have added a diagram 
of temporal organization of mussel assemblages.  Processes and events affecting the persistence and 
extent of habitats at these scales influence richness and density of mussels in stream systems.      
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CHAPTER 2:  ASSEMBLAGE MESOHABITAT ASSOCIATIONS, SPECIES 
MICROHABITAT USE, AND POTENTIAL HABITAT-USE GUILDS FOR 

MUSSELS IN THE CLINCH RIVER, VIRGINIA AND TENNESSEE 

 

ABSTRACT 

Limited knowledge of habitat use by freshwater mussel (families: Margaritiferidae and 

Unionidae) assemblages and species at smaller spatial scales adversely affects success of 

management.  This study defined habitat use by assemblages and species at two scales during 

summer low flows within similar reaches of the upper Clinch River, Virginia and Tennessee.  

Species richness and density was highest in riffle mesohabitats and lowest in pools, with run 

habitats intermediate to these.  Flow characteristics and embeddedness varied among mesohabitats, 

while differences in substrate characterization were less obvious.  Likewise, flow characteristics and 

embeddedness differed between microhabitats occupied and unoccupied by the most abundant 

species.  Comparison of simple and multiple logistic regression models by Akaike’s Information 

Criteria (AIC) demonstrated that increasing Fleisswasserstammtisch (FST) hemisphere number, 

decreasing embeddedness, and increasing mean column velocity best explained species occurrence 

in a microhabitat patch.  Subtle differentiation in habitat use among species was observed, however 

most species appeared to be microhabitat generalists.  Species were grouped into three habitat-use 

guilds using canonical correspondence analysis and cluster analysis: fast-flow specialists (FFS) 

(Dromus dromas, Epioblasma brevidens, E. capsaeformis, Lemiox rimosus, and Ptychobranchus 

subtentum), fast-flow generalists (FFG) (Actinonaias pectorosa, Lampsilis fasciola, and Medionidus 

conradicus) and slow-flow tolerant (SFT) (Actinonaias ligamentina, Amblema plicata, Cyclonaias 

tuberculata, Cyprogenia stegaria, E. dilatata, Fusconaia barnesiana, F. subrotunda, Hemistena 

lata, F. cor, Pleurobema oviforme, Potamilus alatus, Ptychobranchus fasciolaris, Quadrula 
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pustulosa, and Villosa iris).  Cumberlandia monodonta, Fusconaia cuneolus, and Quadrula 

cylindrica strigillata did not fit well into these guilds.  Though represented by few individuals, their 

habitat use was distinctive and warrants special consideration in management goals.  The results 

from this study can be used to guide habitat management for adult freshwater mussels. 

 

INTRODUCTION 

Many freshwater mussel species (families: Margaritiferidae and Unionidae) are associated 

with mesohabitat types such as riffles, runs, and pools.  It is common practice to divide a river reach 

into mesohabitats, because physical structure and communities associated with mesohabitats are 

distinct and vary significantly among types (Jowett 2003).  Mesohabitats differ by water surface 

slope, bed topography, location in channel, and have characteristic patterns of flow velocities, 

depths, and sediment dynamics (Frissell et al. 1986).  

Microhabitats are defined as patches with a longitudinal length of 0.1 to 10 m within 

mesohabitats that have relatively homogenous substrate, water depth, and velocity (Frissell et al. 

1986).  This scale of investigation has been useful for explaining distribution of fish and aquatic 

invertebrates; however, little is known about microhabitat selection and use by freshwater mussels 

despite a large body of literature on the subject.  Many observational studies have sought to 

understand how simple hydraulic parameters such as current velocity, depth, and substrate 

composition are related to species presence and abundance in microhabitat patches but have reached 

no coherent conclusions (Green 1971, Strayer 1981, Lewis and Riebel 1984, Huehner 1987, 

Holland-Bartels 1990, Leff et al. 1990, Strayer and Ralley 1993, Di Maio and Corkum 1995, 

Hamilton et al. 1997, Hastie et al. 2000, Johnson and Brown 2000).  Lack of consensus may reflect 

the diversity of systems and climates that freshwater mussels inhabit; however, several authors have 
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suggested that microhabitat conditions do not control distribution and have advocated study at 

higher temporal and spatial scales (Strayer and Ralley 1993).  Others have suggested that traditional 

habitat parameters do not accurately describe microhabitat conditions and advocate use of 

alternative metrics such as complex hydraulics to describe mussel microhabitats (Layzer and 

Madison 1995, Hardison and Layzer 2001).    

Recent habitat studies have demonstrated that complex hydraulic variables such as shear 

stress, Froude number, and Reynolds number are strongly correlated with mussel abundance 

(Layzer and Madison 1995, Myers-Kinzie 1998, Krstolic 2001, Hardison and Layzer 2001, 

Gangloff 2003, Stone et al. 2004).  These studies follow the Hydraulic Stream Ecology approach 

originally proposed by Statzner et al. (1988).  This approach uses complex hydraulic parameters, 

such as Froude number, Reynolds number, stream power, and shear stress, to more accurately 

describe the reality of a flowing system, and improves replicability and predictability in studies 

regardless of stream size (Statzner et al. 1988, Jowett 2003).  Of these complex hydraulic 

parameters, shear stress best predicts the presence or absence of mussels (Layzer and Madison 

1995, Krstolic 2001, Hardison and Layzer 2001, Stone et al 2004).  Krstolic (2001) identified a 

range of shear stress values positively correlated with reaches supporting high quality mussel 

communities in the Clinch River.  Two studies conducted at the microhabitat scale observed 

correlation between mussel abundance and complex hydraulic variables, especially shear stress, in 

other rivers of the Cumberlandian faunal province (Layzer and Madison 1995, Hardison and Layzer 

2001).  

Shear stress can be calculated by two indirect methods: one relies on a slope measurement, 

whereas the other is based on a theoretical zero velocity point calculated from a log-velocity profile 

(Gordon et al. 2004).  Both calculations are commonly used but have several shortcomings (Gordon 

et al. 2004).  First, these calculations can produce different numbers, making comparisons among 
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studies difficult (Layzer and Madison 1995).  Second, slope-derived shear stress fails to account for 

the overall hydraulic nature specific to a microhabitat patch (Statzner and Muller 1989).  For 

example, it does not account for vegetation, gravel bars, bedrock, or substrate roughness, which can 

affect flow in a microhabitat patch.  Instead, it provides a generalized value for a stream reach.  

Accounting for the hydraulic effects of channel morphology, a velocity profile can be used to 

accurately characterize shear stress in the vicinity of a point if substrate size is uniform.  

Nevertheless, measurement of multiple velocity profiles is time consuming, and choosing a model 

that accounts for other factors within a channel can add overwhelming complexity and potential for 

error to this metric.  

Statzner and Muller (1989) developed a more intuitive approach, using 

Fleisswasserstammtisch (FST) hemispheres.  This method overcomes theoretical and time-

consuming constraints of the aforementioned methods by directly characterizing the overall 

hydraulic nature of a specific microhabitat patch on a streambed.  FST hemispheres also offer a 

standardized measurement, thereby eliminating the great variation among shear stress 

measurements recorded by various investigators (Dittrich and Schmedtje 1995).  A FST hemisphere 

set includes 24 hemispheres of identical size (3.9 cm radius) and surface properties that vary only 

by density (1.015–10.009 g/cm3).  Hemispheres are placed on a level horizontal plane at the bottom 

of a stream in a sequential order from least (no. 1) to most dense (no. 24).  The heaviest hemisphere 

moved by shear stress and other hydraulic conditions is considered the FST number for that 

location.  Hardison and Layzer (2001) previously had success using FST hemispheres to describe 

mussel microhabitats.   

Documented habitat associations for most species are general and subjective, and species are 

often linked to mesohabitat types.  This body of knowledge relies principally on studies in which 

habitat information was collected as an addendum, or on studies in which parameters were 
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compared at inappropriate scales.  The current state of knowledge is limited and likely hampers 

restoration and management (Cope and Waller 1995, Hamilton et al. 1997).  The degree to which 

species are habitat generalists or specialists is also poorly understood (Hamilton et al. 1997).  If 

species can be grouped into guilds, then more abundant species can be used for studies that require 

larger sample sizes.  This approach has been proposed and applied in several studies that deal with 

complex fish communities of warmwater streams (Leonard and Orth 1988, Aaland 1993).  Since 

many species in the Clinch River and in the greater Cumberlandian faunal province are endangered 

or threatened, surrogates are essential in any habitat or management studies for application to rare 

species.  

My primary objective was to determined and quantified habitat parameters important to 

mussel assemblages and species in the Clinch River.  A secondary objective was to proposed 

habitat-use guilds according to quantifiable hydraulic and substrate parameters.  

 

STUDY AREA 

The Clinch River is a major tributary of the Tennessee River with a drainage area of 7, 543 

km2.  Originating in Tazewell County, Virginia, it flows through a long narrow and mountainous 

basin straddling two physiographic provinces (Cumberland Plateau and Valley and Ridge) where 

surrounding elevations reach 1,429 m.  The 330 km of the Clinch River upstream of Norris dam, 

constructed in 1936 by TVA, remain free-flowing and still harbor a large diversity of unionid 

mussels (43 species, Ahlstedt 1991).  
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METHODS 

I measured small-scale habitat use in five reaches of the Clinch River (Fig. 2.1, Table 2.1).  

Reaches had similar complexity including multiple channels, islands, and multiple mesohabitats 

within close proximity.  These reaches belonged to two distinct segments which differed in stream 

order, stream size, and mussel assemblage richness; therefore, the 698 Island, Artrip, and Cleveland 

reaches were analyzed independently of the lower two reaches, Sycamore Island and Kyle’s Ford.  

The majority of the Clinch River is composed of slow runs and pools, but most mussel beds are 

known to occur in riffles, shoals, and faster runs (Dennis 1984).  Thus, an equal-effort sampling 

design was used to increase sample size for species assumed to occur only in a given mesohabitat 

type. Within a reach, equal effort was expended to sample three broad mesohabitat types (pool, run, 

and riffle).  My initial goal was to sample a total of 50 longitudinal meters of river per mesohabitat 

type using fifty randomly assigned 0.25 m2 quadrat samples.  However, homogeneous mesohabitat 

patches, especially riffles, rarely exceeded 25 m in length; therefore, I sampled at least two 25 x 25 

m mesohabitat sites per type within a reach (Figure 2.2).  In cases where mesohabitat sites were 

smaller, sample number was adjusted to avoid unbalanced sampling of mesohabitat sites overall.  I 

sampled additional mesohabitat patches to boost the number of replicates available for microhabitat 

analysis.  

I measured mean column velocity (MEANU), near-bed velocity (BEDU), depth (D), 

substrate particle diameter (D50, D16, D84, SMEAN), substrate roughness (K), embeddedness 

(EMB), and FST hemisphere number (FST) for each 0.25 m2 quadrat.  Other complex hydraulic 

variables, including shear velocity (SHEARU), Reynolds number (REN, RENR), and Froude 

number (FROUDE), were calculated from MEANU, D, and K (see Table 2.2 for calculations).  An 

additional parameter, distance from the nearest bank (DIST), was measured for the lower two sites 
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in 2004.  Detailed methods of collection and potential biological significance of all parameters are 

presented in Table 2.2.   

Flow measurements were collected during low flows in the summer of 2003 at the 

Cleveland Island, Artrip, and 698 Island (unnamed island that runs parallel to Rte 698 in Scott 

County, VA) reaches.  All measurements were made between 178 and 590 cfs (USGS Cleveland 

Island Gauge, daily flow data, http://water.usgs.gov/realtime.html).  I sampled additional 

mesohabitat sites in summer 2004 within the same flow constraints.  Most flow measurements in 

the lower two reaches, Kyles Ford and Sycamore Island (unnamed island near the VA/TN border), 

were measured between May 17 and 24, 2004; additional flow measurement of pool mesohabitats 

was conducted on July 12 and 14, 2004.  All measurements were made between 709 and 858 cfs 

(USGS Speers Ferry Gauge, daily flow data, http://water.usgs.gov/realtime.html).    

Mussels in the first 10 cm of substrate were sample by snorkel or SCUBA, identified on site, 

and immediately returned along with excavated substrate.   It was possible to identify all mussels to 

species in the field except Fusconaia barnesiana and Pleurobema oviforme.  These species often 

co-occur and are difficult to distinguish without sacrifice; therefore, they were grouped together.   

 

Data analysis 

I used Kruskal-Wallis tests to compare habitat and assemblage characteristics by 

mesohabitat type (PROC NPAR1WAY, SAS Institute, Cary, NC).  Each mesohabitat site was 

considered an independent replicate described by mean habitat parameter values, and mean density 

and mean species richness per sample unit (0.25 m2 quadrat).  Samples from the lower two reaches 

were compared independent of the upper reaches to control for differences in assemblage 

complexity and stream size between segments.  Kruskal-Wallis post hoc comparisons were made 

when p < 0.10 (McDonald and Thomson 1967).  The null hypothesis tested was as follows: 
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Ho: Mesohabitat types did not differ by habitat or assemblage parameters. 
HA:  Mesohabitat types differed by habitat or assemblage parameters. 

 
At the microhabitat scale, multi-response permutation procedure (MRPP) tests were used to 

determine whether habitat in quadrats occupied by a species differed significantly from unoccupied 

quadrats  (α = 0.05).  Each parameter was compared independently for the most abundant species (n 

> 20).   MRPP tests were run using BLOSSOM (Cade and Richards 2001).  Each 0.25 m2 quadrat 

was considered an independent sample and assigned a value of 1 for a quadrat occupied by species 

y, or 0 for a quadrat unoccupied by species y.  Upper reaches and lower reaches were compared 

separately.  The null hypothesis tested is as follows:   

 
Ho:  There was no difference between quadrats occupied and unoccupied by species y for habitat parameter x. 
HA:  Habitat parameter x differs between quadrats occupied and unoccupied by species y. 
 

To determine which parameter or combination of parameters best described microhabitat 

use, I developed a set of candidate univariate and multivariate logistic regression models and 

compared them following the information-theoretic approach described by Burnham and Anderson 

(2002).  Development of models was based on results of proceeding analysis and conceptual and 

computational relationships between variables.  Presence or absence of a species was the dependent 

variable.  Models for the most abundant species (n > 20 observations) were created.  Each 0.25 m2 

quadrat was considered an independent sample.  Upper reaches and lower reaches were compared 

separately. 

Prior to developing multivariate models, I tested candidate parameters for correlations to 

avoid multicollinearity, which can cause model over-fitting.  One parameter of each highly 

correlated pair (Spearman’s correlation analysis, r > 0.70 for pairs) was excluded from multivariate 

models.  Because most flow parameters (FST, MEANU, BEDU, SHEARU, FROUDE, REN, and 

RENR) were significantly different between occupied and unoccupied quadrats, highly correlated, 
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and computationally and conceptually related to MEANU and D, only the parameters that by 

themselves best explained presence were retained and included in multivariate models.  To 

determine which of these parameters “best” explained presence, I compared univariate models for 

each species.  Akaike’s Information Criteria (AIC) scores calculated by SAS PROC LOGISTIC 

were used to determine which model “best” explained presence (SAS Institute, Cary, NC).  AIC 

bias correction term (AICc), AIC differences (∆AICc), and Akaike weight (ωi) were calculated 

from initial AIC values (Burnham and Anderson 2002).  Models with the lowest AICc and greatest 

ωi were considered the “best” approximating models for the data set.  Percent concordance and 

discordance also were used to compare models.  The depth parameter (D) was excluded from this 

analysis.   

The “best” flow parameters were added to multivariate models that included D and substrate 

parameters.  Substrate parameters D84 and PBED were included in models for all species regardless 

of significance because they represent a major component of habitat.  Complex hydraulic 

parameters such as SHEARU, FROUDE, REN, and RENR derived from other parameters, were 

excluded if a component parameter (MEANU, D, or K) was present in a model (see Table 2.2 for 

calculations).  Multivariate models and the “best” univariate models were compared using AIC bias 

correction term (AICc), AIC differences (∆AICc), and Akaike weight (ωi), and percent concordance 

and discordance as well. 

Canonical correspondence analysis (CCA) and cluster analysis (CA) were used to group 

species into guilds.  Canonical correspondence analysis is an ordination technique that relates a 

species matrix to a habitat matrix (ter Baak 1986).  Canonical correspondence analyses and plots 

were conducted in PC-ORD version 3.0 (MJM software, Gleneden Beach, Oregon).  In preliminary 

analysis and in CCA ordinations EMB, FST, and D appeared to be gradients along which species 

demonstrated greatest differentiation; so median values of these parameters for each species were 

 48



 

used in cluster analysis.  Two fusion strategies, average linkage and Ward’s minimum-variance 

linkage, were conducted in SAS PROC CLUSTER (SAS Institute, Cary, NC).  I used scree plots of 

cluster analysis results to determine the most important clusters (McGarigal et al. 2000).  The 

results of CCA and CA were used to propose guilds whose members demonstrated similar 

microhabitat use.       

 

RESULTS 

Mesohabitat comparisons 

Thirty unionid species were observed in this study (Table 2.3).  Many species, such as A. 

pectorosa, A. ligamentina, E. dilatata, and P. fasciolaris, were associated with all mesohabitat 

types.  Other species were observed in only one or two mesohabitats.  For example, Fusconaia 

cuneolus was only observed in run mesohabitats.  The species Dromus dromas, Epioblasma 

brevidens, E. capsaeformis, Lemiox rimosus, and P. subtentum were observed in run and riffles, but 

were absent from pools.  While density and species richness varied by reach, mussel assemblage 

patterns were similar (Figure 2.3).  The number of individuals/0.25m2 and species/0.25m2 differed 

among habitat types in the upper segment (Table 2.4).  This pattern was not as statistically strong in 

the lower segment (Table 2.5); however, the difference in overall richness and density between 

Sycamore Island and Kyle’s Ford in the lower segment may have masked differences (Figure 2.3).  

In both segments, post hoc tests demonstrated that riffles were inhabited by more individuals/ m2 

and species/0.25m2 than were pools.  Run densities were intermediate to these extremes, although 

not significantly different from pools or riffles.  The number of species/0.25m2 was significantly 

greater in lower segment runs than pools, but differences between runs and riffles were not.  In both 

segments, some runs had higher densities than riffles.   
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Flow values were similar for mesohabitats between segments (Tables 2.4 and 2.5).  Flow in 

both segments was significantly different among habitat type, with riffles significantly more 

turbulent (higher Reynolds roughness number), faster (higher mean column velocity, bed velocity, 

and Froude number), shallower (lower depth), and with greater shear stress values (higher FST and 

shear velocity) than pools.  Runs were intermediate to these types and had significantly lower bed 

velocity, shear velocity, Froude number, and Reynolds roughness number than riffles in the lower 

segment (Table 2.5).  Reynolds number was not significantly different among mesohabitat types.       

Embeddedness was significantly different among mesohabitat types.  In the upper segment, 

embeddedness was significantly lower in riffles than in runs and pools, whereas pools and runs 

were not significantly different (Table 2.4).  In the lower segment only riffles were significantly less 

embedded than pools; runs were intermediate to these values (Table 2.5).  Differences in other 

substrate parameters were not consistent.   No significant differences were evident for substrate size 

parameters (D16, D84, D50, mean substrate size) or percent bedrock in either segment.  These 

parameters vary greatly within types and little among types.  Significant differences were recorded 

between pools and riffles for sorting, with runs more similar to pools in the lower reaches (Table 

2.4), and runs more sorted than riffles in the upper reaches (Table 2.5).  In the lower segments 

substrate roughness was significantly greater in riffles than in pools, with runs intermediate in 

character. 

 

Microhabitat use by species 

In the upper Clinch River, all parameters describing characteristics of flow, except depth 

(D), in quadrats occupied by A. pectorosa, E. dilatata, L. fasciola, M. conradicus, P. fasciolaris, 

and P. subtentum were different from unoccupied quadrats (MRPP, p > 0.05) (Table 2.6).  Median 

values of flow parameters were greater in occupied quadrats.  Depth was less in quadrats occupied 
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by A. pectorosa, E. dilatata, M. conradicus, and P. subtentum (MRPP, p < 0.05).  Quadrats 

occupied by A. pectorosa, E. dilatata, L. fasciola, M. conradicus, P. fasciolaris, and P. subtentum 

were significantly less embedded (Table 2.7) (MRPP, p < 0.05).  Differences between occupied and 

unoccupied quadrats described by other substrate characteristics were less consistent (Table 2.7).  

Particle size (D84, SMEAN) was smaller in quadrats occupied by A. pectorosa, but larger in 

quadrats occupied by M. conradicus (D84). Actinonaias pectorosa occupied quadrats with lower 

percent bedrock (PBED).  Substrate roughness (K) was greater in quadrats occupied by A. 

pectorosa, M. conradicus, and P. subtentum.     

In the lower Clinch River, all parameters describing flow, except depth (D), in quadrats 

occupied by A. ligamentina, A. pectorosa, E. brevidens, E. capsaeformis, L. fasciola, M. 

conradicus, and P. subtentum were different from unoccupied quadrats (MRPP, p < 0.05) (Table 

2.8).  Median values of flow parameters were greater in occupied quadrats.  Depth was shallower in 

quadrats occupied by A. pectorosa, E. capsaeformis, M. conradicus, and P. subtentum (MRPP, p < 

0.05).  Mean column velocity (MEANU) and turbulence (REN, RENR) were greater in quadrats 

occupied by P. fasciolaris.  Embeddedness (EMB) was significantly lower in quadrats occupied by 

A. ligamentina, A. pectorosa, E. brevidens, E. capsaeformis, L. fasciola, M. conradicus, P. 

fasciolaris, and P. subtentum (Table 2.9) (MRPP, p < 0.05).  Differences between occupied and 

unoccupied quadrats described by other substrate characteristics were less consistent; however, 

parameters that describe substrate particle size were significantly different between quadrats 

occupied and unoccupied by A. ligamentina, A. pectorosa, E. brevidens, E. capsaeformis, M. 

conradicus, P. fasciolaris, and P. subtentum (Table 2.9).   In general, substrate particle size was 

greater in occupied quadrats.  Substrate in quadrats occupied by E. capsaeformis, M. conradicus, 

and P. subtentum were more sorted (uniform).  Quadrats occupied by A. ligamentina, A. pectorosa, 

E. brevidens, M. conradicus, L. fasciola, M. conradicus, and P. subtentum had significantly lower 
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percent bedrock.  Substrate roughness  (K) was greater in quadrats occupied by A. ligamentina, A. 

pectorosa, E. capsaeformis, E. dilatata, M. conradicus, P. fasciolaris and P. subtentum.  

Actinonaias ligamentina and P. fasciolaris occupied quadrats further from shore than would be 

expected under the null hypothesis.  Elliptio dilatata occupied a broad range of microhabitats in the 

lower Clinch and only substrate roughness was significantly different between occupied and 

unoccupied quadrats.  Median values and interquartile range for parameters in quadrats occupied by 

other species (n < 20 observations) are presented in Appendix A.  

  

Logistic regression models      

Models that best explained probability of occurrence were developed for A. pectorosa, E. 

dilatata, L. fasciola, M. conradicus, P. fasciolaris, and P. subtentum for the upper reaches.  The 

parameters of FST, EMB, MEANU, PBED are included most often in logistic regression models 

that best approximate probability of occurrence at the microhabitat level.  Only models with ωi  > 

0.05 developed for species in the upper Clinch River are presented in Tables 2.10 – 2.15.  All 

models compared are presented in Appendix A.  Reductions in AICc < 2 indicate a substantial 

improvement in model fit (Burnham and Anderson 2002).  Many models are within 2 ∆AICc of the 

“best” approximating model, so distinguishing a “best” model was not always possible.  

 The two best approximating models developed for A. pectorosa included the parameters 

FST, EMB, D, and PBED (Table 2.10).  These models performed similarly and were far superior to 

the null model.  The inclusion of D84 had minimal effects on concordance, raising concordance 

from 81.5% to 81.8%; thus, it is unlikely that D84 has much effect on the probability of occurrence.   

 The two best approximating models developed for E. dilatata included the parameters 

MEANU, EMB, D and PBED (Table 2.11).  These models performed similarly and were superior to 
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the null model.  The inclusion of D84 only slightly improved concordance from 74.2% to 74.8%; 

thus, it is unlikely that D84 has much effect on the probability of occurrence.   

 The three best approximating models developed for L. fasciola included PBED (Table 2.12).  

These models were superior to the null model; however, they did not perform similarly.  The model 

that included EMB and PBED best explained occurrence.   

Three models developed for M. conradicus with ∆AICc < 2 included FST, EMB, and PBED 

(Table 2.13).  These models were superior to the null model and performed similarly.  Inclusion of 

the particle size parameter D84 or substrate roughness (K) slightly improved concordance (from 

76.9% to 78.1% for both), but also increase discordance from 20.0% to 21.3% and 20.8%, 

respectively.    

Four models develop for P. fasciolaris with ∆AICc < 2 included EMB and PBED (Table 

2.14).  These models were superior to the null model and performed similarly.  Inclusion of a flow 

parameter improved concordance, but increased discordance.  When I included MEANU 

concordance rose from 55.6% to 66.7%, and discordance rose from 21.4% to 30.4%. 

Five models developed for P. subtentum with ∆AICc < 2 all included MEANU (Table 2.15).  

These models were far superior to the null model and performed similarly.  Inclusion of an 

additional parameter, such as PBED, EMB, D, or D84 slightly improved concordance (a 0.1% to 

0.5% rise in concordance).  

Only models with ωi  > 0.05 developed for species in the lower Clinch River are presented in 

Tables 2.16 – 2.24.  All models compared are presented in Appendix A.  Most models incorporated 

FST, MEANU, or a highly correlated parameter explaining the character of flow such as SHEARU, 

REN, or RENR.  The parameters EMB and PBED were also commonly included in the “best” 

models  
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The five models developed for A. ligamentina with ∆AICc < 2 included EMB, PBED, and 

DIST (Table 2.16).  These models were superior to the null model and performed similarly, but 

differ by which flow parameters were included.  Those parameters were REN, MEANU, FST, and 

D.  The parameter REN was calculated from MEANU and D.  A substrate particle size parameter, 

D84, slightly improved the “best” model (∆AICc = 1.140).   

The three “best” models for A. pectorosa in the lower reaches included EMB and PBED 

(Table 2.17).  These models performed similarly, but differ by which flow parameters were 

included.  Those parameters were SHEARU, MEANU, FST, and D.  SHEARU was calculated from 

MEANU and D.     

Elliptio dilatata models performed poorly (Table 2.18).  The difference between the best 

approximating model and null intercept model is only 2.646 ∆AICc.  The highest model 

concordance was 63.1%, whereas most models had concordance values above 70%. 

Models that accounted for percent bedrock (PBED) and a flow parameter (SHEARU, 

MEANU, or FST) best approximated the probability of occurrence of E. brevidens (Table 2.19).   

The four “best” models performed better than the null model, but no given model was necessarily 

superior. 

The “best” model for E. capsaeformis included FST, D, PBED and D84 (Table 2.20).  The 

other model within 2 AICc did not include D84.  The inclusion of D84 had negligible effect on the 

model fit (∆AICc = 1.459) or percent concordance (concordance increased 0.3%).   

The “best” two models for L. fasciola in the lower Clinch River reaches included FST and 

PBED (Table 2.21).  Both models were superior to the null model and performed similarly.   

The six models developed for M. conradicus with ∆AICc < 2 included D, EMB, and PBED 

(Table 2.22).  These models were superior to the null model and performed similarly.  The inclusion 

of parameters in addition to D, EMB, and PBED only slightly affected AICc and concordance. 

 54



 

Models developed for P. fasciolaris in Table 2.23 were better than the null model; however, 

the difference in AICc between the null and the “best” model (∆AICc = 5.328) was smaller than for 

all other species except E. dilatata (∆AICc = 1.140).  No parameters were common among all 

models where ∆AICc < 2.  Differences among these models for AICc and concordance were 

negligible.   

The “best” two models for P. subtentum in the lower Clinch River reaches included FST, D, 

and PBED (Table 2.24).  Both models were superior to the null model and performed similarly.  

The inclusion of D84 had little effect on AICc (∆AICc = 0.301) and on concordance (0.1% change). 

 

Guild assignments 

Red lines extending from the centroid represent the habitat parameters in CCA biplots.  

These lines demonstrate the direction of maximum variation of that parameter.  The length of each 

line is proportional to the rate of change in that direction; therefore, longer lines are more strongly 

related to patterns in the species matrix (ter Braak 1986, McCune and Mefford 1997).  Only species 

points are presented in biplots.  The perpendicular distance between species points and habitat 

parameter lines is negatively related to the importance of a species’ response to that parameter (ter 

Braak 1986, McCune and Mefford 1997).  Only species with n > 5 observations and the habitat 

parameters FST, MEANU, D, EMB, PBED, D84, K, and SORT were included.  For the upper 

Clinch, CCA axes explained a small but significant amount of variation in the species occurrence 

matrix (presence/absence in a quadrat) based on habitat parameters (Monte Carlo test, 1000 

iterations, p < 0.05).  Axes 1 and 2 accounted for only 3.4 % of the variation (Table 2.25).  Most 

species appear to be generalists with weak relationships to parameters demonstrated by their 

location near the centroid (Figure 2.4).  Five species appear to break from this group (F. 

barnesiana/P. oviforme, F. cor, L. costata, P. subtentum and L. costata).  Occurrence of both P. 

 55



 

subtentum and L. costata was strongly associated with increasing flow velocity (MEANU), 

increasing shear stress (FST), decreasing embeddedness (EMB), and decreasing depth (D).  

Fusconaia barnesiana/P. oviforme were associated with larger substrate (D84) and greater percent 

bedrock (PBED).  Fusconaia cor was associated with decreased flow velocity (MEANU), 

decreasing shear stress (FST), increasing embeddedness (EMB), and increasing depth (D).  

Quadrula c. strigillata was strongly related to poorly sorted substrates (SORT), a parameter 

relatively unimportant for explaining variation in the species matrix. 

Axes for the lower Clinch data set also explained a small, but significant amount of variation 

in the species occurrence matrix (presence/absence in a quadrat) based on habitat parameters 

(Monte Carlo test, 1000 iterations, p < 0.05).  Axes 1 and 2 accounted for only 3.8 % of the 

variation (Table 2.26).  Species appear to be split into two groups by the second axis, following 

variation explained by the first axis (Figure 2.5).  Actinonaias pectorosa, E. brevidens, E. 

capsaeformis, L. fasciola, L. rimosus, and P. subtentum are associated with increasing shear stress 

(FST) and increasing flow velocity (MEANU), but decreasing embeddedness (EMB) and depth (D).  

The other species are more dispersed and associated with increasing embeddedness (EMB) and 

depth (D), but decreasing shear stress (FST) and flow velocity (MEANU).  Lasmigona costata 

appears to have different microhabitat associations in the lower reaches; along with E. dilatata and 

A. plicata, its occurrence is strongly associated with increasing embeddedness (EMB).  Two 

species, V. iris and Q. c. strigillata, appear to have a strong negative correlation with shear stress 

(FST) and flow velocity (MEANU).  A group including A. pectorosa, E. capsaeformis, and P. 

subtentum are more strongly associated with increasing shear stress (FST) and flow velocity 

(MEANU) than other species.  Lampsilis ovata and C. tuberculata have a strong association with 

increasing depth.  Fusconaia cuneolus has a strong relationship with increasing substrate roughness 

(K), and also percent bedrock (PBED) and increasing substrate size (D84). 
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Median values of the habitat parameters FST, EMB, and D for each species were used in 

cluster analysis (see Tables 2.6 – 2.9 and Appendix A for median values used for each species).  

These parameters were chosen to group species because they were measures of quite different 

aspects of microhabitat, computationally independent, not strongly correlated (Spearman’s rank 

correlation r < 0.7), frequently appear in better logistic regression models, and were important 

parameters in CCA biplots.  Scree plots developed for both fusion methods demonstrated that the 

first five groupings were the most informative in the CA from the upper Clinch data set (Appendix 

C).  In the average linkage analysis, A. plicata and P. subtentum separated from the two main 

clusters (Fig. 2.6).  The remaining clusters represent species occupying a wider range of FST, D, 

and EMB.  One group, consisting of A. pectorosa, M. conradicus, L. ovata, E. dilatata, L. costata, 

F. barnesiana/ P. oviforme, and L. fasciola, occupied shallower, less embedded microhabitats with 

greater shear stress.  The second group of F. cor, P. alatus, L. dolabelloides, Q. c. strigillata, and V. 

iris occupied deeper, more embedded microhabitats with lower shear stress. Ward’s minimum-

variance linkage analysis demonstrated a similar grouping, but placed A. plicata with species 

occurring in deeper, more embedded microhabitats with lower shear stress, and placed P. subtentum 

with species occurring in shallower, less embedded microhabitats with greater shear stress (Fig. 

2.7). 

Cluster analysis produced similar groups for species encountered in the lower Clinch River.  

The scree plots demonstrated that the first four groupings in the average linkage analysis were the 

most informative (Appendix C).  All species grouped into two clusters.  One group of A. pectorosa, 

D. dromas, E. brevidens, E. capsaeformis, L. fasciola, L. rimosus, and P. subtentum occupied 

shallower, less embedded, microhabitats with greater shear stress values.  Within this group, D. 

dromas was distinct.  This species was encountered thrice, but always in the fastest, shallowest 

microhabitats.  The second group of A. ligamentina, A. plicata, C. stegaria, C. monodonta, C. 
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tuberculata, E. dilatata, F. cuneolus, F. subrotunda, H. lata, L. costata, L. ovata, P. fasciolaris, Q. 

pustulosa, Q. c. strigillata, and V. iris occupied slower, deeper microhabitats with lower shears 

stress values.  Within this group, A. plicata, L. costata, and V. iris formed a separate cluster from 

the other species.  The scree plots demonstrated that the first three groupings in the Ward’s 

minimum-variance linkage analysis were the most informative (Fig. 2.8).  This analysis produced 

two similar groups, but split the second group.   

These results demonstrate that most species are generalists, but that species in both reaches 

could be split into two broad groups:  fast-flow species and species tolerant of slow flow.  Within 

the fast-flow species group, D. dromas, E. brevidens, E. capsaeformis, L. rimosus, and P. subtentum 

can be grouped into a fast-flow specialist guild (FFS).  These species most often occurred in the 

fastest flows, whereas the other species that grouped with them, A. pectorosa, L. fasciola, and M. 

conradicus, persist and seemingly tolerate a wider range of flow conditions.  Actinonaias pectorosa, 

L. fasciola, and M. conradicus appear to occupy a greater range of habitats in the upper Clinch 

reaches and are therefore placed in a fast-flow generalist guild (FFG).  Most of the remaining 

species can be placed in the slow-flow tolerant guild (SFT); however, several species may have 

more unique needs within this guild.  Some individuals of these species were observed in faster 

flowing microhabitats; however, ranges, central tendencies, and habitat associations suggest that 

these species have greater tolerance for pool and run habitats than do fast-flow generalists.  Species 

placed in the SFT guild include A. ligamentina, C. tuberculata, C. stegaria, E. dilatata, F. 

barnesiana/P. oviforme, F. cor, F. subrotunda, H. lata, L. ovata, L. costata, L. dolabelloides, P. 

alatus, Q, pustulosa, and V. iris.   Cumberlandia monodonta, F. cuneolus, and Q. c. strigillata may 

have more unique needs even though they group with the SFT guild.  For example, Q. c. strigillata 

was observed in slower microhabitats associated with riffles and runs and only observed once in a 

pool mesohabitat, whereas other species in this guild were common to deeper runs and pools.  
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Likewise, F. cuneolus was never found in pool mesohabitats; but was observed exclusively in runs 

adjacent to riffles.  Cumberlandia monodonta, represented by only two individuals, was observed in 

microhabitat patches with larger substrates (boulders) and slower flow within riffle and run 

mesohabitats. 

 

DISCUSSION 

As expected, microhabitat conditions and freshwater mussel assemblages were distinct 

among mesohabitat types.  Freshwater mussel assemblages in riffle mesohabitats had the highest 

species richness and density, while pools had the lowest richness and density.  In general, 

assemblages in runs had richness values and densities intermediate to those of riffles and pools.  

Mesohabitats consistently differed by flow characteristics.  Water flow in riffles was shallower, 

faster, more turbulent, and had higher shear stress values than did flow in pools; runs were 

intermediate to these mesohabitats for all flow parameters.  Differences in substrate characteristics, 

except embeddedness, were not consistent and were often insignificant among mesohabitats.  

Riffles were less embedded than pools, and embeddedness in runs was greater than in riffles, but 

less than in pools.   

Flow characteristics and embeddedness were related to the occurrence of many species.  

Actinonaias ligamentina, A. pectorosa, E. brevidens, E. capsaeformis, E. dilatata, L. fasciola, M. 

conradicus, P. fasciolaris, and P. subtentum were more likely to occur in microhabitats with faster 

flow, greater shear stress, and lower embeddedness.  Percent bedrock was negatively correlated 

with the probability of occurrence for many species.  Ordination and cluster analysis demonstrated 

that many species occupied the same or similar microhabitats; however, these species could be split 

into guilds according to degree to which species were generalists or specialists.   
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This study used many potentially diagnostic parameters in attempts to best define mussel 

microhabitats.  Using the information theoretic approach, I demonstrated that only a few of these 

consistently differentiated between occupied and unoccupied habitats among species.  Some 

parameters were correlated and may be redundant; others have limited explanatory value and were 

incorporated inconsistently into models and only as more parameters were added to characterize 

habitat.  Parameters that were most important include FST number (shear stress), embeddedness, 

mean column velocity, and percent bedrock.  Parameters such as shear velocity, Reynolds number, 

and Reynolds roughness number also appeared in the “best” models; however, they are highly 

correlated with and calculated from mean column velocity.   

Several biological and hydrological mechanisms may explain why mesohabitats and 

microhabitats that are faster, more turbulent, and have greater shear stress values support more 

species and higher densities.  Faster flow delivers more oxygen and food per unit time.  This is 

advantageous to mussels because they cannot actively seek out these resources and are wholly 

dependent on flow to supply their nutritional and physiological needs.  Ergo, faster flows can 

support more mussels per unit area.  Greater turbulence can mix water more thoroughly, thereby 

aerating and mixing phytoplankton that might otherwise be unavailable to benthic 

macroinvertebrates.  Quinn and Hickley (1994) found that lotic macroinvertebrate habitat 

preferences were associated with the feeding niche.  Filter-feeding species preferred microhabitats 

with high velocity and Reynolds number, whereas detrivores preferred microhabitats with low 

Reynolds number where smaller particles were more likely to settle (Quinn and Hickley 1994).  All 

adult mussels are suspension-feeder and this may be why most species were associated with the 

fastest, most turbulent flows.   

Greater turbulence and especially shear stress may clear smaller particles from substrate 

surfaces and interstitial spaces.  The detrimental effects of sedimentation on lotic 
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macroinvertebrates are well documented (Jowett 2003).  Excessive sedimentation can have negative 

effects on mussel respiration and feeding (Dennis 1984, Brim Box and Mossa 1999).  Interstitial 

flow may encourage greater density per unit area, allowing multiple substrate depths to be colonized 

within a unit of area (increasing available volume in a microhabitat) (Jowett 2003).  Greater 

interstitial flow may also provide excellent refugia for juveniles and sub-adults.  Sheltered from 

turbulent and higher shear stress conditions at the substrate surface, these individuals may obtain 

adequate resources to thrive.  For exampled, interstitial flow is important to the success of salmonid 

redds in a Japanese river (Kondou et al.2001).   Greater interstitial flow may promote greater 

productivity of the entire ecosystem by increasing habitat available to periphyton and 

macroinvertebrates, thereby increasing resources needed to support larger fish host populations.   

The degree of interstitial flow is best gauged by the level of embeddedness, which may 

explain why this parameter was a powerful parameter for differentiating among occupied and 

unoccupied microhabitats for most species.  Using experimental flumes, Schälchli (1992) observed 

that shear stress was an important component that controlled the degree to which substrates were 

clogged by suspended sediments.  Near-bed velocity should also explain this phenomenon, but its 

power to do so was always secondary to FST number and embeddedness.  Near-bed velocity 

seldom appeared among the set of  “best” models for any species.   This suggests the character of 

near-bed flow is more complex than can be accurately described by one parameter.  Whether it is 

shear stress, near-bed turbulence, or some combination of these factors that is most important 

cannot be deduced from the use of FST hemispheres (Dittrich and Schmedtje 1995).  However, the 

power of FST over shear velocity (calculation of shear stress in m/s) and bed velocity to 

differentiate between occupied and unoccupied microhabitats suggests these two factors in 

interaction are more important than either alone.    
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It may seem counterintuitive that mussels inhabit areas of greater shear stress and 

turbulence.  In these microhabitats, objects on the stream bottom are more likely to be swept 

downstream.  Thus, mussels may be more likely dislodged or spend considerable amounts of energy 

to prevent dislodgement.  These areas also seem less suitable for colonization by juveniles, which 

could be easily swept away by greater flows and shear stress.  Studies that have observed negative 

correlations between mussel occurrence and shear stress support these conclusions (Layzer and 

Madison 1997, Hardison and Layzer 2001, Stone et al. 2004).  Stone et al. (2004) also postulated 

that turbulence prevented juvenile colonization of quadrats with high Reynold’s number values.   

What may be more appropriate from a hydrological view is to consider the temporal context 

of these habitats in the Clinch River.  This study measured conditions of lower summer flows 

during which riffles and fast runs appear to be unstable habitats.  To the contrary, these habitats may 

be refuges during high flow events because they are more stable during periods when the 

hydrograph is flashy and least disturbed by floods (Resh et al. 1998).  In an analysis of 

hydrographic data from 1921 to 1994, Richter (1996) concluded that the Clinch River had become 

hydrologically flashier in the recent past, meaning that the basin had become more sensitive to 

rainstorm events.  Greater sensitivity was likely the product of land use (Richter 1996).  Though 

reforestation has occurred over the last few decades to decrease flashiness, spates may have scoured 

pool habitats in the Clinch River, dislodging mussels, or creating habitats unsuitable for 

colonization of juveniles (Krstolic 2001).   

Flow refuges are of great importance for benthic invertebrates (Vannote and Minshall 1982, 

Lancaster and Hildrew 1993, Winterbottom et al 1997, Strayer 1999, Howard and Cuffey 2003).  

Three studies in particular have described the importance of flow refuges to freshwater mussels 

(Vannote and Minshall 1982, Strayer 1999, Howard and Cuffey 2003).  Vannote and Minshall 

(1982) and Howard and Cuffey (2003) observed that specific mesohabitats and related microhabitat 
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conditions provided refuges for mussels in rivers with violent flow regimes.   Vannote and Minshall 

(1982) observed relationships between flow and substrate composition of mussel habitat, which 

they used to explain how patches of long-term stable habitats controlled the dynamics of two 

freshwater mussel species (Margaritifera falcata and Gonidea angulata) in the Salmon River 

Canyon (Idaho).  They found that live and relic mussel beds dominated by M. falcata consistently 

existed on “ramp-like” runs, characterized by stable cobble and boulder substrate, connecting deep 

pools to riffles or rapids.  A unidirectional laminar flow dominates these runs, bringing a consistent 

flow of food in one direction.  The unidirectional flow allows for optimal valve orientation into the 

flow, versus omni-directional current of turbulent habitats.  Vannote and Minshall (1982) 

speculated that mussels avoided pools because they are scoured in floods and were sites of 

sedimentation during low flows.  Greater aggradations of the river have buried several of these runs 

with sand contributing to the decline of M. falcata and its replacement by G. angulata, a species 

that appears to have morphological and behavioral adaptations better suited for greater 

sedimentation in aggraded rivers.  In the Eel River of California, Howard and Cuffey (2003) 

observed that mussels inhabiting high flow refuges were able to persist in this extremely variable 

system.  Mussels in this system lived almost exclusively in pools, near channel banks and in sedge 

root mats that had lower shear stress and velocities.  Strayer (1999) mapped shear stress refuges 

within reaches by leaving tracer particles of uniform mass and size and monitoring the movement of 

particles over the course of a year.  Patches with little tracer particle movement were considered 

refuges.  Mussel beds were also mapped and were found to be spatially coincident with refuges.     

Long-term stability of habitats may explain why percent bedrock was a substrate parameter 

consistently incorporated into the “best” models.  Church (1997) observed that reaches in the Clinch 

River with higher percentages of bedrock supported poorer mussel assemblages.  He concluded that 

such reaches are periodically scoured, displacing alluvium and mussels.  Though flow in scoured 
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reaches appears similar to that of stable reaches during lower flows, the high proportion of bedrock 

belies a more violent nature during high flows.  With that caveat aside, high percent bedrock does 

not necessarily make a microhabitat unsuitable.  In the Kyle’s Ford reach, one of the more densely 

populated mesohabitats was a bedrock ridge.  Church (1997) also demonstrated that the orientation 

of bed formations were extremely important for the creation of stable habitats.  The Kyle’s Ford 

ridge was perpendicular to flow, such that crevices provided refuges during extreme flows and 

prevented alluvium from being swept downstream.  Conversely, high percent bedrock values at 

Sycamore Island represented a trend more common to the data set as a whole.  There, bedrock 

formations were parallel to flow, and most crevices were incapable of providing refuges or retaining 

smaller particle sizes.   

Clogging of interstitial spaces by smaller particles and scouring may work alone or in 

concert to limit colonization of pools and deeper runs.  In the past, these habitats may have been 

more densely populated by species such as P. alatus, L. ovata, and Truncilla truncata.  For 

example, T. truncata was once common at Kyle’s Ford (Ahlstedt 1991).  It typically inhabits 

deeper, calmer waters and can colonize lakes and impoundments (Parmalee and Bogan 1998).  Pre-

fossil shells of this species were collected at both lower segment reaches, but no live individuals 

were encountered.  

Low density in pools and the rarity of many slow-flow tolerant species may be associated 

with host fish populations.  Norris Dam essentially limits the upstream migration of host fish.  

Watters (1995) observed that even minor impoundments affected distribution of Leptodea fragilis 

and P. alatus.  He concluded that host fish movements were restricted by impoundment, limiting 

distribution of these species to segments downstream of impoundments.  The freshwater drum 

(Aplodinotus grunniens) is the only documented host of P. alatus and also a host for T. truncata. 
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The isolated and small freshwater drum population upstream of the dam could explain rarity of 

these species (personal communication, Charlie Saylor, TVA biologist).  

Mesohabitat and microhabitat occupation by mussels may reflect habitat use by host fishes.  

Haag and Warren (1998) argued that fish host distribution patterns and reproductive strategy were 

more important factors influencing mussel distribution than microhabitat conditions.  Simple 

comparisons concerning habitat use by species observed in my study demonstrate some habitat 

overlap with their fish hosts (Table 2.30).  Hosts for P. subtentum, a fast-flow specialist, are three 

species of darter (Etheostoma sp.) and a sculpin (Cottus sp.).  Darters and sculpin almost 

exclusively inhabit riffles and fast shallow runs (Etnier and Starnes 1993).  Darters are also hosts for 

many other species in this guild, including D. dromas, E. brevidens, E. capsaeformis, and L. 

rimosus.  Members of the FFG guild have a larger assemblage of hosts including many centrachids, 

cyprinids, and also darters.  Actinonaias ligamentina, L. costata, and E. dilatata have the most 

documented hosts, and also occupied a broader range of habitats than do most species.  Many 

members of the SFT guild have fish hosts from genera and species not commonly associate with 

riffle or fast-flow habitats, such as Micropeterus sp. and Amia calva.   

Conclusions drawn from ordination and cluster analysis support those derived from other 

habitat studies.  First, many species demonstrate broad use of available microhabitats (Holland-

Bartels 1991, Strayer and Ralley 1993).  Second, members of the genus Epioblasma have a 

relatively narrow range of habitat associations, which may have lead to several extinctions in this 

genus when riffle, shoal, and glide habitats were altered by impoundments (Ahlstedt 1991).  Third, 

some species, such as those in the fast-flow specialist guild and C. monodonta, F. cuneolus, and Q. 

c. strigillata have very specific habitat needs.  Fourth, most species demonstrate similar use of 

microhabitats (Hollands-Bartel 1991, Layzer and Madison 1997, Hardison and Layzer 2001).  

Overlapping microhabitat use among species may indicate that mechanisms creating suitable habitat 
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act on larger scales in the Clinch River (Dennis 1984, Church 1997, Krstolic 2001).  Many studies 

have argued that differences in microhabitat use among species are negligible.  Holland-Bartels 

(1990) is often cited as such a study, but the author reported subtle clines in habitat use among 

species.  Likewise, Green (1971) observed niche partitioning of mussels in Canadian lakes along 

microhabitat gradients of depth, sediment particle size, and sediment organic content as did 

Brönmark and Malmqvist (1982) in a Swedish Lake outlet and Salmon and Green (1983) in 

Canadian streams.  These differences may be often overlooked because they are so subtle that many 

studies are too coarse in design to uncover such patterns or lack sufficient replicates to do so.  The 

strength of my study is the number of replicates used in analysis at a fine scale (> 1,000 samples, 

among 5 reaches and 2 segments of the same river).  Even though differences in habitat use among 

species are subtle, they may be biologically significant.  Specific habitat use may explain why some 

species are rare and warrant protection.  For example, the federally endangered Q. c. strigillata has 

very distinct habitat use, occurring in slower flow areas of riffles and runs.  These refuge 

microhabitats may be susceptible to greater anthropogenic sedimentation, even though they exist 

within turbulent mesohabitats with high mean shear stress values.  Likewise, desiccation or flooding 

of riffles will eliminate the only habitat suitable to the FFS guild.   

Understanding habitat use under low-flow conditions is becoming more important as water 

use and climate changes have potential to affect summer flows (Golladay et al. 2004).  For example, 

Ahlstedt (1991) speculated that drought conditions during the 1980s in part threatened the existence 

of several endangered species in the Clinch River.  Johnson et al. (2001) also documented the 

negative effects of drought on mussel assemblages in southwest Georgia and recommended 

documentation of minimum flows to better manage the fauna.  The results of this study could be 

used to set targets for water withdrawals, minimum reservoir releases, and other anthropogenic 

activities that reduce flows during the season of naturally low flows.
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Table 2.1.  Name, location, and number of mesohabitat sites sampled in each reach. 

     Number of Mesohabitat Sites 
Segment Reach Name River Mile UTM Pool Run Riffle 
Upper 698 Island 270.9 17 N 0402437 2 4 2 
    4091090    
 Artrip 274.5 17N 0400244 2 2 3 
    4091362    
 Cleveland Island 278 17 N 0396537 3 3 4 
    4088615    
        
Lower Sycamore Island 204 17 N 0337429 2 3 3 
    4054416    
 Kyle's Ford 189.5 17 N 0317341 4 4 4 
    4048528    
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Table 2.2.  Parameter, potential biological significance, and method of collection for parameters measured at each quadrat.   

Parameter   Biological Significance Collection
Mean column velocity 
(MEANU) 

Oxygen and food availability 
Influence ability to siphon 
Clearance of deposition of sediment 
Current speed may cause dislodgement 
Access to fish host 

 

Mean from velocity  profile (m/s): 
6/10th depth if depth was less than 0.7 m 
Mean of 2/10th and 8/10th depth if depth was greater than 0.7m 

 

Near-bed velocity 
(BEDU) 

Oxygen and food availability 
Influence ability to siphon 
Sediment deposition 
Current speed may cause dislodgement 
Affect substrate stability 
Access to fish host 
Fertilization/sperm dispersal 

 

Velocity profile measurement nearest stream bed (m/s) 
Approximately 2cm above bed 

Depth 
(D) 

Oxygen and food availability 
Predation avoidance 
Access to fish host 
Flow refuge 
Potential for desiccation 

 

Water depth from surface (m) 

Substrate particle size 
D16 : Size at which 16% of 
particles are smaller 
D84: Size at which 84% of 
particles are smaller 
D50: Median 
SMEAN: mean substrate size 

 
 

Energy demand in burrowing 
Stability 
Potential to be buried 
Dislodgement 
Large substrate may provide some level of refuge from 
flow 
Substrate may represent long-term stability of habitat  
Juvenile colonization 

Particles directly below a nine or sixteen point uniform grid where 
measured in millimeters. 

 

Substrate roughness 
(K) 

 
 

Affects turbulence of boundary layer flow 
Rough substrates can provide refuges 

Topography of substrate parallel to flow measured using a 100 cm 
chain (link length approximately 1 cm) laid over the surface, chain 
manipulated to follow bed topography, then distance from ends 
measured and compared to total possible length (100 cm)  
k = 1/(chain length/100) 
 

Percent bedrock 
(PBED) 
 

Long-term stability 
Dislodgement 
Juvenile colonization 

Number of points on substrate grid that were bedrock divided by 
total number of points. 
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Table 2.2.  Continued.   
Parameter   Biological Significance Collection
Sorting index 
(SORT) 
 

Energy demand in burrowing 
Dislodgement 
Substrate may represent long-term stability of habitat 

Degree of uniformity of particle size, calculated from particle size 
data.  Smaller values are more uniform. 
½ (D84/D50 + D50/D16) 
 

Embeddedness 
(EMB) 

Energy demand in burrowing 
Stability 
Interstitial flow 
Vertical levels of substrate available for colonization 

Degree to which interstitial spaces between larger substrate 
particles are clogged or covered by smaller particles such as sand 
and silt.  Visual classification based on Bovee (1986) with four 
categories: 

1: <25%  covered with smaller particles 
2: 25-50% 
3: 50-75% 
4: >75% 
 

Shear stress (FST 
hemisphere number) 

Dislodgement 
Oxygen and food availability 
Access to fish host 
Fertilization/sperm dispersal 
Burrowing/righting 

 

Force of water pushing an object in the direction of flow.  
Measured by FST hemisphere set.  Number of densest hemisphere 
moved by flow at stream bed 

Shear velocity 
(SHEARU) 

Dislodgement 
Oxygen and food availability 
Sediment deposition  
Access to fish host 
Fertilization/sperm dispersal 

 

Measure of shear stress expressed in velocity units (m/s) and 
calculated from depth, velocity profile, and substrate roughness 
(Gordon et al.  2004). 
U[5.75 log10(12Dk-1)]-1

Reynold’s number 
(REN) and Reynold’s 
roughness number 
(RENR) 
 

Dislodgement 
Oxygen and food availability 

 

Describes turbulence (dimensionless) and is calculated from depth, 
velocity profile, substrate roughness, and viscosity  
REN = UDv-1 

RENR = U*kv-1

Froude number  
(FROUDE) 

Dislodgement 
Oxygen and food availability 

Describes interactions between depth and velocity (dimensionless) 
and is calculated from depth, velocity profile, and gravity. 
U(gD)-0.5

 
Distance  
(DIST) 
 

Stability and refuge near banks Grouped in 5m intervals from nearest bank  
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Table 2.3.  Species observed in the upper and lower reaches of the Clinch River by mesohabitat type.  
The total number of individuals observed by quadrats sampled in a mesohabitat type is in parentheses.   

Upper Reaches  
Riffle Run Pool

 Actinonaias pectorosa (140/250) 
Cyclonaias tuberculata (1/250) 
Elliptio dilatata (42/250) 
Fusconaia barnesiana/ 
Pleurobema oviforme (9/250) 
Fusconaia cor (5/250)  
Fusconaia subrotunda (3/250)  
Lampsilis fasciola (37/250)  
Lasmigona costata (4/250) 
Lexingtonia dolabelloides (1/250) 
Medionidus conradicus (72/250) 
Ptychobranchus fasciolaris (19/250) 
Ptychobranchus subtentum (27/250)  
Quadrula cylindrica strigillata (3/250)  
Vilosa iris (12/250) 

Actinonaias ligamentina (1/249)  
Actinonaias pectorosa (39/249) 
Amblema plicata (2/249)  
Elliptio dilatata (29/249)  
Fusconaia barnesiana/ 
Pleurobema oviforme (2/249)  
Fusconaia cor (1/249)  
Fusconaia subrotunda (2/249) 
Lampsilis fasciola (10/249) 
L. ovata (2/249) 
Lasmigona costata (1/249) 
Lexingtonia dolabelloides (2/249) 
Medionidus conradicus (19/249) 
Potamilus alatus (1/249) 
Ptychobranchus fasciolaris (11/249) 
Ptychobranchus subtentum (1/249) 
Quadrula cylindrica strigillata (3/249) 
Vilosa iris (5/249) 
 

Actinonaias pectorosa (3/142) 
Actinonaias ligamentina (1/142) 
Elliptio dilatata (4/142) 
Fusconaia barnesiana/ 
Pleurobema oviforme (2/142) 
Fusconaia subrotunda (2/142) 
Lampsilis ovata (1/142) 
Medionidus conradicus (2/142) 
Potamilus alatus (1/142)  
Ptychobranchus fasciolaris (1/142)  
Vilosa iris (2/142) 

Lower Reaches
Riffle Run Pool

Actinonaias ligamentina (68/144)  
Actinonaias pectorosa (140/144) 
Cumberlandia monodonta (1/144) 
Cyprogenia stegaria (2/144) 
Cyclonaias tuberculata (6/144) 
Dromus dromas (2/144) 
Epioblasma brevidens (14/144) 
Epioblasma capsaeformis (75/144) 
Epioblasma triquetra (1/144) 
Elliptio dilatata (13/144)   
Fusconaia subrotunda (10/144) 
Hemistena lata (1/144) 
Lampsilis fasciola (15/144) 
Lampsilis ovata (2/144) 
Lasmigona costata (2/144) 
Lemiox rimosus (7/144) 
Medionidus conradicus (20/144) 
Ptychobranchus fasciolaris (20/144) 
Ptychobranchus subtentum (143/144) 
Quadrula cylindrica strigillata (3/144) 
Quadrula pustulosa (4/144) 
Vilosa iris (4/144) 

Actinonaias ligamentina (54/197)  
Actinonaias pectorosa (54/197) 
Amblema plicata (3/197) 
Cumberlandia monodonta (1/197) 
Cyprogenia stegaria (7/197) 
Dromus dromas (1/197) 
Epioblasma brevidens (13/197) 
Epioblasma capsaeformis (24/197) 
Elliptio dilatata (10/197)   
Fusconaia cuneolus (4/197) 
Fusconaia. subrotunda (5/197) 
Hemistena lata (2/197) 
Lampsilis fasciola (10/197) 
Lampsilis ovata (10/197) 
Lasmigona costata (1/197) 
Lemiox rimosus (2/197) 
Ligumia recta (1/197) 
Medionidus conradicus (76/197) 
Ptychobranchus fasciolaris (19/197) 
Ptychobranchus subtentum (143/197) 
Quadrula cylindrica strigillata (1/197) 
Vilosa iris (9/197) 

Actinonaias ligamentina (17/109)  
Amblema plicata (6/109) 
Cyclonaias tuberculata (8/109) 
Cyprogenia stegaria (2/109) 
Dromus dromas (1/109) 
Elliptio dilatata (12/109)   
Fusconaia barnesiana/ 
Pleurobema oviforme (1/109)  
Fusconaia. cor (1/109) 
Fusconaia. subrotunda (5/109) 
Hemistena lata (1/109) 
Lampsilis ovata (2/109) 
Lasmigona costata (2/109) 
Medionidus conradicus (25/109) 
Ptychobranchus fasciolaris (11/109) 
Quadrula cylindrica strigillata (1/109) 
Quadrula pustulosa (1/109) 
Vilosa iris (9/109) 
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Table 2.4.  Mesohabitat types were compared by mean mussel density, mean species richness, and mean habitat parameter values 
calculated for each mesohabitat site in the three upper reaches of the Clinch River.  Mean values of assemblage and habitat parameters 
by mesohabitat, the number of sites used in tests, and standard error around means are presented.  Results of a Kruskal-Wallis Test of 
the null hypothesis that no difference existed among mesohabitat types are presented.   Post hoc tests for pairwise differences were 
conduced when comparisonwise p-values were less than 0.10.  Letters shared by mesohabitats types demonstrate no significant 
differences (α = 0.05) between pairs.   

    Mesohabitat type    Kruskal-Wallis Test 
  Pool (N = 7) Run (N = 7) Riffle (N =7)  Chi-square (H) d.f.  p 
               
Assemblage              
Individuals/ 0.25 m2 0.33 (0.14) a 2.93 (0.68) a, b 7.81 (1.80) b  13.46 2  0.0012 
Species/ 0.25 m2 0.28 (0.09) a 2.41 (0.58) b 5.27 (0.91) b  15.12 2  0.0005 
               
Flow              
FST (shear stress) 0.88 (0.32) a 4.10 (1.02) a, b 8.08 (0.41) b  14.39 2  0.0008 
Depth (m) 0.92 (0.09) a 0.63 (0.04) a, b 0.43 (0.03) b  14.09 2  0.0009 
Mean Velocity (m/s) 0.20 (0.04) a 0.43 (0.07) a, b 0.71 (0.04) b  13.74 2  0.0010 
Bed Velocity (m/s) 0.07 (0.01) a 0.18 (0.04) a, b 0.30 (0.02) b  12.56 2  0.0019 
Shear Velocity (x100, dimensionless) 2.36 (0.10) a 2.66 (0.10) a, b 4.62 (0.10) b  8.88 2  0.0118 
Froude (dimensionless) 0.13 (0.07) a 0.18 (0.04) a, b 0.36 (0.02) b  10.03 2  0.0067 
Reynolds (dimensionless) 416,000 (231,000) 262,061 (33,000) 304,00 (28,000)  1.25 2  0.5341 
Reynolds Roughness (dimensionless) 257 (134) a 288 (49) a, b 507 (25) b  9.29 2  0.0096 
               
Substrate              
Embeddedness 3.51 (0.14) a 2.28 (0.26) a 1.31 (0.06) b  15.23 2  0.0005 
D16 (mm) 107.63 (55.74) 46.42 (23.19) 40.22 (18.26)  0.94  2   0.6242 
D84 (mm) 190.50 (67.60) 133.92 (32.33) 119.73 (24.85)  0.12 2  0.9424 
D50 (Median Substrate, mm) 136.68 (65.05) 77.18 (25.18) 71.76 (20.70)  0.36 2  0.8338 
Mean Substrate (mm) 148.38 (62.64) 89.94 (26.64) 80.51 (20.80)  0.01  2  0.9963 
Sorting Index 357.149 (178.47) a 23.08 (11.68) a, b 89.55 (85.48) b  8.28 2  0.0159 
Substrate Roughness 11.20 (0.56) 10.95 (0.17) 11.04 (0.13)  2.55 2  0.2801 
Percent Bedrock 11.44 (5.28) 3.61 (1.77) 4.28 (2.48)  2.14 2  0.3423 
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Table 2.5.  Mesohabitat types were compared by mean mussel density, mean species richness, and mean habitat parameter values 
calculated for each mesohabitat site in the two lower reaches of the Clinch River.  Mean values of assemblage and habitat parameters 
by mesohabitat, the number of sites used in tests, and standard error around means are presented.  Results of a Kruskal-Wallis Test of 
the null hypothesis that no difference existed among mesohabitat types are presented.   Post hoc tests for pairwise differences were 
conduced when comparisonwise p-values were less than 0.10.  Letters shared by mesohabitats types demonstrate no significant 
differences (α = 0.05) between pairs.   

    Mesohabitat type    Kruskal-Wallis Test 
  Pool (N = 6) Run (N = 7) Riffle (N =7) Chi-square (H) d.f.  p 
        
Assemblage       
Individuals/ 0.25 m2 1.65 (0.40) a 3.47 (1.44) a, b 9.01 (2.64) b 5.36 2  0.0686 
Species/ 0.25 m2 0.76 (0.10) a 1.26 (0.47) a, b 2.41 (0.56) b 4.62 2  0.0997 
         
Flow        
FST (shear stress) 1.29 (0.54) a 4.60 (0.37) 8.92 (0.27) a 16.20 2  0.0003 
Depth (m) 1.67 (0.09) a 0.64 (0.05) 0.46 (0.03) a 13.96 2  0.0009 
Mean Velocity (m/s) 0.27 (0.04) a 0.41 (0.03) 0.83 (0.02) a 15.87 2  0.0004 
Bed Velocity (m/s) 0.10 (0.02) a 0.18 (0.02) b 0.40 (0.02) a,b 14.99 2  0.0006 
Shear Velocity (x100, dimensionless) 2.00 (0.15) a 2.55 (0.19) b 5.39 (0.14) a,b 14.73 2  0.0006 
Froude (dimensionless) 0.21 (0.05) a 0.17 (0.02) b 0.41 (0.02) a,b 11.34 2  0.0034 
Reynolds (dimensionless) 170 (73,000) 260,000 (26,000) 379,000 (33,000) 5.92 2  0.0519 
Reynolds Roughness (dimensionless) 215 (13.7) a 277.81 (21.89) b 595 (19.5) a,b 14.73 2  0.0006 
         
Substrate        
Embeddedness 3.29 (0.17) a 2.52 (0.16) 1.53 (0.10) a 15.87 2  0.0004 
D16 (mm) 139.12 (38.99) 223.20 (93.11) 111.00 (64.64) 0.77  2   0.8313 
D84 (mm) 225.09 (46.44) 325.90 (84.56) 185.11 (71.37) 3.44 2  0.1795 
D50 (Median Substrate, mm) 169.90 (40.82) 254.56 (92.75) 137.20 (68.23) 1.77 2  0.4127 
Mean Substrate (mm) 180.22 (42.00) 267.73 (91.26) 144.88 (67.92) 0.80  2  0.4673 
Sorting Index 19.26 (2.26) a 24.39 (11.46) 3.20 (0.50) a 13.07 2  0.0015 
Substrate Roughness 10.83 (0.20) a 10.98 (0.18) 11.10 (0.19) a 8.00 2  0.0183 
Percent Bedrock 22.48 (7.71) 21.14 (6.47) 18.07 (11.16) 1.35 2  0.5092 
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Table 2.6.  Median and inter-quartile range (in parentheses) of flow parameters observed for quadrats occupied and unoccupied by A. 
pectorosa, E. dilatata, L. fasciola, P. fasciolaris, and P. subtentum in the upper reaches of the Clinch River.  Significant differences 
between occupied and unoccupied quadrats at the α = 0.05 are represented by * in occupied rows.   

Species  N FST D 
(m) 

BEDU 
(m/s) 

MEANU 
(m/s) 

SHEARU 
(x 102) FROUDE REN 

(x 10-3) RENR 

A. pectorosa 97 8* 
(6 - 9) 

0.50* 
(0.40 - 0.58) 

0.28* 
(0.16 - 0.40) 

0.70* 
(0.49 - 0.88) 

4.62* 
(3.20 - 5.51) 

0.33* 
(0.24 – 0.41) 

340* 
(223 – 443) 

502* 
(352- 605) 

Unoccupied  

         

543 3 
(1 – 7) 

0.6 
(0.42 – 0.80) 

0.14 
(0.06 – 0.24) 

0.37 
(0.23 – 0.63) 

2.18 
(1.43 – 4.15) 

0.15 
(0.09 – 0.31) 

226 
(128 – 332) 

238.81 
(156 – 444) 

E. dilatata 56 7* 
(4 - 10) 

0.54* 
(0.46 - 0.68) 

0.24* 
(0.16 - 0.41) 

0.67* 
(0.41 - 0.95) 

4.29* 
(2.58 - 5.85) 

0.30* 
(0.18 – 0.40) 

345* 
(233 - 436) 

456* 
(284 - 669) 

Unoccupied 584 
4 

(1 – 8) 
 

0.57 
(0.42 – 0.80) 

0.15 
(0.06 – 0.26) 

0.38 
(0.25 – 0.67) 

2.31 
(1.54 – 4.37) 

0.15 
(0.09 – 0.33) 

232 
(134 – 339) 

253 
(165 – 484) 

L. fasciola 62 6* 
(3 - 9) 

0.56 
(0.48 - 0.70) 

0.22* 
(0.12 - 0.35) 

0.56* 
(0.40 - 0.78) 

3.70* 
(2.30 - 4.92) 

0.26* 
(0.14 – 0.36) 

323* 
(224 – 425) 

411* 
(254 - 535) 

Unoccupied 578 4 
(1 – 8) 

0.56 
(0.42 – 0.78) 

0.15 
(0.06 – 0.27) 

0.38 
(0.25 – 0.69) 

2.34 
(1.53 – 4.48) 

0.15 
(0.10 – 0.34) 

232 
(131 – 345) 

260 
(163 – 489) 

M. conradicus 68 8* 
(6 - 9) 

0.50* 
(0.40 - 0.54) 

0.28* 
(0.18 - 0.38) 

0.72* 
(0.55 - 0.89) 

4.82* 
(3.69 - 5.79) 

0.37* 
(0.25 – 0.41) 

326* 
(225 - 433) 

524* 
(402 - 624) 

Unoccupied 572 4 
(1 – 7) 

0.60 
(0.44 – 0.80) 

0.15 
(0.06 – 0.25) 

0.37 
(0.24 – 0.64) 

2.23 
(1.48 – 4.20) 

0.15 
(0.09 – 0.31) 

230 
(131 – 340) 

244 
(160 – 459) 

P. fasciolaris 29 7* 
(4 - 9) 

0.50 
(0.46 - 0.68) 

0.24* 
(0.15 - 0.32) 

0.65* 
(0.42 - 0.77) 

4.35* 
(2.52 - 4.88) 

0.32* 
(0.15 – 0.40) 

288* 
(228 – 341) 

454* 
(305 – 620) 

Unoccupied 611 4 
(1 – 8) 

0.58 
(0.42 – 0.78) 

0.15 
(0.07 – 0.28) 

0.38 
(0.25 – 0.69) 

2.42 
(1.57 – 4.50) 

0.16 
(0.10 – 0.34) 

238 
(136 – 354) 

265 
(168 – 492) 

P. subtentum 22 9* 
(8 - 12) 

0.48* 
(0.40 - 0.52) 

0.26* 
(0.20 - 0.32) 

0.89* 
(0.70 - 1.05) 

5.64* 
(4.54 - 6.96) 

0.38* 
(0.34 – 0.52) 

435* 
(274 – 591) 

654* 
(525 – 833) 

Unoccupied 618 4 
(1 – 8) 

0.58 
(0.42 – 0.78) 

0.15 
(0.07 – 0.27) 

0.38 
(0.26 – 0.67) 

2.37 
(1.57 – 4.37) 

0.16 
(0.10 – 0.33) 

238 
(136 – 348) 

264 
(168 – 476) 
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Table 2.7.  Median and inter-quartile range (in parentheses) of substrate parameters observed for quadrats occupied and unoccupied 
by A. pectorosa, E. dilatata, L. fasciola, P. fasciolaris, and P. subtentum in the upper reaches of the Clinch River.  Significant 
differences between occupied and unoccupied quadrats at the α = 0.05 are represented by * in occupied rows.   

 

Species N EMB D16 
(cm) 

D84 
(cm) 

D50 
(cm) SORT SMEAN 

(cm) PBED K 
(x 103) 

A. pectorosa 97 1* 
(1)  

20 
(10 - 30) 

80* 
(50 - 120) 

40 
(30 - 70) 

2.23 
(1.68 - 2.87) 

52* 
(33 - 79) 

0*  
(0) 

10.99* 
(10.53 – 11.24)  

Unoccupied 543 2 
(1 –3) 

10 
(0.5 – 24) 

89 
(50 – 139) 

40 
(20 – 70) 

2.80 
(1.80 – 6.95) 

53 
(30 – 81) 

0  
(0) 

10.75 
(10-42 – 11.11) 

E. dilatata 56 1* 
(1 - 2) 

12 
(3 - 27) 

80 
(52 - 107) 

40 
(27 - 70) 

2.56 
(1.92 - 5.09) 

52 
(33 - 68) 

0 
(0) 

10.75 
(10.53 – 11.24) 

Unoccupied 584 2 
(1 – 3) 

11 
(0.5 – 26) 

89 
(50 – 139) 

40 
(20 – 70) 

2.61 
(1.77 – 5.91) 

53 
(31 – 81) 

0 
(0) 

10.75 
(10-42 – 11.11) 

L. fasciola 62 1* 
(1 - 2) 

13 
(5 - 23) 

90 
(65 - 134) 

40 
(21 - 60) 

2.55 
(1.85 - 4.41) 

56 
(36 - 77) 

0 
(0) 

10.87 
(10.53 – 11.20) 

Unoccupied 578 2 
(1 – 3) 

11 
(0.5 – 26) 

86 
(50 – 138) 

40 
(20 – 70) 

2.62 
(1.77 – 6.12) 

52 
(30 – 81) 

0 
(0) 

10.75 
(10.42 – 11.11) 

M. conradicus 68 1* 
(1 - 2) 

20 
(10 - 30) 

91* 
(60 - 127) 

50 
(20 - 60) 

2.20 
(1.74 - 3.37) 

60 
(35 - 76) 

0 
(0) 

11.11* 
(10.64 – 10.36) 

Unoccupied 572 2 
(1 – 3) 

10 
(0.5 – 25) 

87 
(50 – 139) 

40 
(20 – 70) 

2.67 
(1.78 – 6.30) 

52 
(30 – 81) 

0 
(0) 

10.75 
(10.42 – 11.11) 

P. fasciolaris 29 1* 
(1-2) 

20 
(6 - 30) 

107 
(64 - 148) 

40 
(28 - 80) 

2.70 
(1.92 - 4.27) 

64 
(39 - 89) 

0 
(0) 

11.11 
(10.75 – 11.24) 

Unoccupied 611 2 
(1 – 3) 

11 
(0.5 – 25) 

87 
(50 – 133) 

40 
(20 – 70) 

2.58 
(1.76 – 6.00) 

52 
(31 – 80) 

0 
(0) 

10.75 
(10.42 – 11.11) 

P. subtentum 22 1* 
(1) 

26 
(13 - 38) 

89 
(75 - 126) 

53 
(41 - 60) 

1.78 
(1.47 - 3.24) 

60 
(52 - 84) 

0 
(0) 

11.17* 
(10.64 – 11.43) 

Unoccupied 618 2 
(1 – 3) 

11 
(0.5 – 25) 

87 
(50 – 136) 

40 
(20 – 70) 

2.61 
(1.79 – 6.00) 

52 
(31 – 80) 

0 
(0) 

10.75 
(10.42 – 11.11) 
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Table 2.8.  Median and inter-quartile range (in parentheses) of flow parameters observed for quadrats occupied and unoccupied by A. 
ligamentina, A. pectorosa, E. brevidens, E. capsaeformis, E. dilatata, L. fasciola, P. fasciolaris, and P. subtentum in the lower reaches 
of the Clinch River.  Significant differences between occupied and unoccupied quadrats at the α = 0.05 are represented by * in 
occupied rows. 

Continued on next page 

Species  N FST D 
(m) 

BEDU 
(m/s) 

MEANU 
(m/s) 

SHEARU 
(x 102) FROUDE REN 

(x 10-3) RENR 

A. ligamentina 93 7* 
(4 – 9) 

0.58 
(0.48 – 0.82) 

0.27* 
(0.10 – 0.38) 

0.67* 
(0.37 – 0.86) 

4.45* 
(2.28 – 5.50) 

0.32* 
(0.16 – 0.40) 

354* 
(258 – 478) 

472* 
(260 – 606) 

Unoccupied  

         

357 5 
(2 – 8) 

0.62 
(0.48 – 0.90) 

0.18 
(0.07 – 0.34) 

0.44 
(0.29 – 0.73) 

2.65 
(1.88 – 4.64) 

0.19 
(0.13 – 0.35) 

304 
(141 – 410) 

289 
(202 – 509) 

A. pectorosa 100 9* 
(7 – 10) 

0.52* 
(0.46 – 0.62) 

0.38* 
(0.23 – 0.48) 

0.85* 
(0.70 – 1.00) 

5.21* 
(4.47 – 6.33) 

0.36* 
(0.29 – 0.44) 

457* 
(329 – 544) 

587* 
(472 – 715) 

Unoccupied 350 4 
(1 – 7) 

0.71 
(0.50 – 0.98) 

0.17 
(0.07 – 0.28) 

0.41 
(0.27 – 0.59) 

2.32 
(1.53 – 6.67) 

0.18 
(0.12 – 0.31) 

282 
(119 – 393) 

264 
(196 – 395) 

E. brevidens 24 8* 
(6 – 9) 

0.54 
(0.46 – 0.63) 

0.36* 
(0.20 – 0.45) 

0.77* 
(0.54 – 0.88) 

4.94* 
(3.31 – 5.61) 

0.33* 
(0.23 – 0.41) 

381* 
(299 – 530) 

534* 
(381 – 598) 

Unoccupied 426 5 
(3 – 8) 

0.62 
(0.48 – 0.90) 

0.18 
(0.07 – 0.35) 

0.44 
(0.29 – 0.75) 

2.70 
(1.93 – 4.81) 

0.21 
(0.13 – 0.35) 

315 
(155 – 432) 

295 
(205 – 524) 

E. capsaeformis 71 8* 
(7 – 9) 

0.50* 
(0.43 – 0.62) 

0.38* 
(0.21 – 0.47) 

0.76* 
(0.64 – 0.87) 

4.79* 
(4.01 – 5.51) 

0.33* 
(0.26 – 0.41) 

355* 
(288 – 467) 

512* 
(419 – 600) 

Unoccupied 379 5 
(2 – 8) 

0.68 
(0.5 – 0.94) 

0.18 
(0.07 – 0.32) 

0.42 
(0.27 – 0.72) 

2.39 
(1.56 – 7.57) 

0.19 
(0.12 – 0.34) 

302 
(131 – 417) 

280 
(198 – 501) 

E. dilatata 32 3 
(0 – 6) 

0.81 
(0.53 – 1.07) 

0.16 
(0.03 – 0.26) 

0.40 
(0.28 – 0.54) 

2.29 
(1.79 – 4.24) 

0.22 
(0.14 – 0.37) 

280 
(116 – 441) 

266 
(202 – 443) 

Unoccupied 418 6 
(3 – 9) 

0.62 
(0.48 – 0.90) 

0.19 
(0.08 – 0.37) 

0.46 
(0.30 – 0.78) 

2.30 
(1.54 – 5.50) 

0.21 
(0.13 – 0.35) 

322 
(180 – 438) 

302 
(216 – 545) 
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Table 2.8.  Continued   

Species  N FST D 
(m) 

BEDU 
(m/s) 

MEANU 
(m/s) 

SHEARU 
(x 102) FROUDE REN 

(x 10-3) RENR 

L. fasciola 25 8* 
(5 – 10) 

0.56 
(0.48 – 0.76) 

0.32* 
(0.16 – 0.47) 

0.77* 
(0.44 – 0.88) 

4.99* 
(2.54 – 5.99) 

0.33* 
(0.16 – 0.41) 

384* 
(287 – 500) 

527* 
(282 – 606) 

Unoccupied 425 5 
(3 – 8) 

0.62 
(0.48 – 0.90) 

0.19 
(0.08 – 0.36) 

0.45 
(0.30 – 0.75) 

2.32 
(1.56 – 5.53) 

0.21 
(0.13 – 0.35) 

315 
(162 – 423) 

298 
(210 – 542) 

M. conradicus 139 8* 
(6 – 9) 

0.50* 
(0.40 – 0.60) 

0.34* 
(0.16 – 0.45) 

0.74* 
(0.46 – 0.91) 

4.46* 
(2.85 – 5.76) 

0.32* 
(0.18 – 0.42) 

358* 
(240 – 494) 

509* 
(324 – 668) 

Unoccupied  

         

311 4 
(1 – 7) 

0.72 
(0.50 – 1.00) 

0.17 
(0.07 – 0.28) 

0.41 
(0.26 – 0.61) 

2.50 
(1.77 – 3.87) 

0.18 
(0.12 – 0.32) 

284* 
(119 – 403) 

263 
(192 – 399) 

P. fasciolaris 45 6 
(3 – 9) 

0.60 
(0.50 – 0.88) 

0.20 
(0.09 – 0.45) 

0.67* 
(0.37 – 0.91) 

4.10 
(2.11 – 5.55) 

0.25 
(0.14 – 0.39) 

366 
(258 – 475) 

443 
(231 – 647) 

Unoccupied 405 5 
(3 – 8) 

0.62 
(0.48 – 0.90) 

0.19 
(0.08 – 0.36) 

0.45 
(0.29 – 0.75) 

2.30 
(1.53 – 5.50) 

0.21 
(0.13 – 0.35) 

310 
(149 – 420) 

298 
(209 – 522) 

P. subtentum 95 9* 
(7 – 10) 

0.50* 
(0.40 – 0.62) 

0.37* 
(0.20 – 0.48) 

0.80* 
(0.65 – 0.91) 

5.04* 
(4.02 – 5.94) 

0.35* 
(0.27 – 0.44) 

367* 
(282 – 506) 

545* 
(435 – 668) 

Unoccupied 355 4 
(1 – 7) 

0.70 
(0.50 – 0.97) 

0.17 
(0.07 – 0.29) 

0.41 
(0.26 – 0.65) 

2.50 
(1.76 – 4.25) 

0.18 
(0.12 – 0.33) 

288 
(120 – 404) 

264 
(194 – 447) 
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Table 2.9.  Median and inter-quartile range (in parentheses) of flow parameters observed for quadrats occupied and unoccupied by A. 
ligamentina, A. pectorosa, E. brevidens, E. capsaeformis, E. dilatata, L. fasciola, P. fasciolaris, and P. subtentum in the lower reaches 
of the Clinch River.  Significant differences between occupied and unoccupied quadrats at the α = 0.05 are represented by * in 
occupied rows. 

Continued on next page 

Species N EMB D16 
(cm) 

D84 
(cm) 

D50 
(cm) SORT SMEAN 

(cm) PBED K 
(x 103) 

A. ligamentina 93 2* 
(1 – 2) 

20* 
(8 – 34) 

96* 
(57 – 203) 

40* 
(30 – 70) 

2.20 
(1.57 – 5.29) 

63* 
(36 – 111) 

0* 
(0 – 25) 

10.86* 
(10.53 – 11.63) 

Unoccupied 357 2 
(1 – 3) 

15 
(2 – 35) 

102 
(51 – 190) 

40 
(22 – 80) 

2.37 
(1.55 – 5.50) 

59 
(32 – 96) 

0 
(0 – 37.5) 

10.75 
(10.31 – 11.24) 

A. pectorosa 100 1* 
(1 – 2) 

24* 
(11 – 34) 

113* 
(61 – 159) 

43* 
(30 – 60) 

2.27 
(1.66 – 3.28) 

65* 
(43 – 91) 

0* 
(0) 

10.93* 
(10.63 – 11.49) 

Unoccupied 350 3 
(2 – 4) 

14 
(1 – 34) 

98 
(50 – 200) 

40 
(20 – 80) 

2.32 
(1.53 – 6.67) 

58 
(30 – 100) 

0 
(0 – 45) 

10.64 
(10.31 – 11.24) 

E. brevidens 24 2* 
(1 – 2) 

15 
(10 – 26) 

79 
(52 – 151) 

40* 
(30 – 55) 

2.47 
(1.82 – 3.44) 

47 
(38 – 102) 

0* 
(0) 

10.75 
(10.52 – 11.11) 

Unoccupied 426 2 
(1 – 3) 

17 
(2 – 35) 

102 
(52 – 194) 

40 
(25 – 80) 

2.29 
(1.54 – 5.52) 

60 
(32 – 97) 

0 
(0 – 37.5) 

10.75 
(10.31 – 11.36) 

E. capsaeformis 71 2* 
(1 – 2) 

20* 
(11 – 30) 

76* 
(52 – 151) 

40* 
(30 – 55) 

2.12* 
(1.46 – 3.11) 

48* 
(36 – 91) 

0 
(0) 

10.75* 
(10.53 – 11.63) 

Unoccupied 379 2 
(1 – 4) 

14 
(1 – 38) 

105 
(53 – 205) 

43 
(23 – 80) 

2.54 
(1.81 – 4.60) 

62 
(32 – 100) 

0 
(0 – 37.5) 

10.75 
(10.31 – 11.35) 

E. dilatata 32 3 
(2 – 3) 

20 
(4-41) 

113 
(74 – 228) 

38 
(28 – 62) 

3.25 
(1.97 – 5.05) 

64 
(41 – 107) 

0 
(0 – 25) 

11.17* 
(10.53 – 11.66) 

Unoccupied 418 2 
(1 – 3) 

16 
(2 – 34) 

100 
(52 – 190) 

40 
(25 – 80) 

2.30 
(1.54 – 5.50) 

59 
(33 – 97) 

0 
(0 – 25) 

10.75 
(10.31 – 11.24) 
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Table 2.9.  Continued. 

Species N EMB D16 
(cm) 

D84 
(cm) 

D50 
(cm) SORT SMEAN 

(cm) PBED K 
(x 103) 

L. fasciola 25 2* 
(1 – 3) 

24* 
(10 – 34) 

116* 
(50 – 156) 

40* 
(30 – 83) 

1.89* 
(1.43 – 3.98) 

70* 
(37 – 93) 

0* 
(0) 

10.87* 
(10.53 – 11.33) 

Unoccupied 425 2 
(1 – 3) 

16 
(2 – 34) 

100 
(53 – 200) 

40 
(25 – 78) 

2.32 
(1.56 – 5.53) 

60 
(33 – 100) 

0 
(0 – 37.5) 

10.75 
(10.31 – 11.36) 

M. conradicus 139 2* 
(1 – 2) 

24* 
(10 – 35) 

126* 
(68 – 220) 

50* 
(35 – 90) 

2.30* 
(1.73 – 3.59) 

74* 
(45 – 105) 

0* 
(0 – 25) 

10.99* 
(10.64 – 11.76) 

Unoccupied 311 3 
(2 – 4) 

12 
(0.5 – 34) 

86 
(47 – 180) 

40 
(20 – 70) 

2.32 
(1.54 – 8.52) 

55 
(28 – 95) 

0 
(0 – 50) 

10.64 
(10.31 – 11.11) 

P. fasciolaris 45 2* 
(1 – 2) 

20* 
(10 – 40) 

126* 
(80 – 210) 

55* 
(32 – 90) 

2.46 
(1.82 – 5.23) 

75* 
(44 – 113) 

0 
(0 – 25) 

11.36* 
(10.87 – 12.05) 

Unoccupied 405 2 
(1 – 3) 

16 
(2 – 34) 

98 
(50 – 192) 

40 
(22 – 75) 

2.30 
(1.53 – 5.50) 

58 
(32 – 97) 

0 
(0 – 25) 

10.75 
(10.31 – 11.24) 

P. subtentum 95 2* 
(1 – 2) 

24* 
(11 – 34) 

118* 
(60 – 245) 

45* 
(32 – 68) 

2.30* 
(1.61 – 3.39) 

658 
(43 – 100) 

0* 
(0 – 25) 

10.99* 
(10.64 – 11.76) 

Unoccupied 355 3 
(2 – 4) 

14 
(0.5 – 34) 

100 
(50 – 185) 

40 
(20 – 79) 

2.32 
(1.54 – 7.26) 

58 
(30 – 97) 

0 
(0 – 37.5) 

10.71 
(10.31 – 11.24) 
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Table 2.10.  Logistic regression models explaining microhabitat use by A. pectorosa in upper reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 0.135 FST – 1.132 EMB + 1.386 D – 0.031 PBED + ε   640  440.6105 0.000 0.358 81.5/18.1/0.3

logit(y) = β + 0.126 FST – 1.154 EMB + 1.409 D – 0.027 PBED – 0.002 D84 + ε  

  

  

   

   

    

   

640 6 440.916 0.306 0.308 81.8/18.0/0.2

logit(y) = β + 0.121 FST – 0.983 EMB – 0.028 PBED + ε 640 443.0104 2.400  79.4/17.8/2.80.108

logit(y) = β + 0.112 FST – 1.001 EMB – 0.002 D84 – 0.025 PBED + ε 640  443.4915 2.881 0.085 80.8/18.9/0.3

logit(y) = β – 1.494 EMB + 1.133 D – 0.032 PBED + ε 640 4 5.268445.878   80.4/18.6/1.00.026

logit(y) = β – 1.329 EMB – 0.029 PBED + ε 640 6.4323 447.042  68.5/10.1/21.50.014

logit(y) = β + 0.130 FST – 1.062 EMB + 1.166 D – 0.002 D84 + ε 640 447.4555 6.845 0.012 80.6/19.1/0.2

logit(y) = β + 0.117 FST – 0.944 EMB – 0.002 D84 + ε 640 4 8.054448.664   79.8/19.8/0.40.006

logit(y) = β + ε  640 1 546.531 105.921 0.000 -- 

 



 

Table 2.11.  Logistic regression models explaining microhabitat use by E. dilatata in upper reaches of the Clinch River.  Only “best” 
models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 1.820 MEANU + 1.418 D – 0.508 EMB – 0.035 PBED + ε  640  346.5845 0.00 0.267 74.2/25.1/0.7

logit(y) = β + 1.767 MEANU + 1.433 D – 0.518 EMB – 0.031 PBED + 0.003 D84 + ε      

   

   

  

640 6 347.011 0.427 0.216 74.8/24.6/0.6

logit(y) = β + 2.451 MEANU – 0.031 PBED + ε 640  1.5123 348.096  72.7/26.2/1.10.125

logit(y) = β + 1.778 MEANU – 0.313 EMB – 0.028 PBED + 0.002 D84 + ε 640 5 348.757 2.173 0.090 73.7/25.5/0.7

logit(y) = β + 2.671 MEANU + 0.731 D – 0.032 PBED + ε 640 348.8834 2.299  72.9/26.1/0.90.085

logit(y) = β + ε  640 1 381.802 35.218 0.000 -- 
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Table 2.12.  Logistic regression models explaining microhabitat use by L. fasciola in upper reaches of the Clinch River.  Only “best” 
models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β – 0.503 EMB – 1.044 PBED + ε   640 0.0003 377.894  57.6/18.4/24.00.806

logit(y) = β + 1.373 MEANU – 1.113 PBED + ε   

  

640  3.7043 381.598  69.9/28.8/1.30.126

logit(y) = β + 1.391 MEANU – 1.123 PBED + 0.001 D84+ ε 640 383.1044 5.210  69.8/29.1/1.20.060

logit(y) = β + ε  640 1 409.253 31.359 0.000 -- 
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Table 2.13.  Logistic regression models explaining microhabitat use by M. conradicus in upper reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n   K AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 0.167 FST – 0.613 EMB – 0.036 PBED+ ε  640 368.5244 0.000  76.9/20.0/3.10.326

logit(y) = β + 0.163 FST – 0.628 EMB – 0.001 D84 – 0.034 PBED + ε  

   

   

  

  

640  370.2815 1.757 0.136 78.1/21.3/0.5

logit(y) = β + 0.167 FST – 0.617 EMB – 0.036 PBED + 21.55 K + ε 640  370.3855 1.861 0.129 78.1/20.8/1.1

logit(y) = β + 0.167 FST – 0.609 EMB – 0.047 D – 0.036 PBED + ε 640  370.5525 2.028 0.118 77.7/20.7/1.7

logit(y) = β + 0.162 FST – 0.620 EMB – 0.033 D – 0.034 PBED – 0.001 D84+ ε 640 6 372.317 3.793 0.049 78.2/21.3/0.5

logit(y) = β + 2.81 MEANU – 1.19 D – 0.028 PBED – 0.001 D84 +  ε 640  372.3184 3.794 0.049 79.2/20.3/0.5

logit(y) = β + ε  640 1 431.141 62.617 0.000 -- 
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Table 2.14.  Logistic regression models explaining microhabitat use by P. fasciolaris in upper reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model N   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β – 0.575 EMB – 0.031 PBED + ε   640 0.0003 229.827  55.6/21.4/23.00.148

logit(y) = β + 0.449 MEANU –  0.475 EMB – 0.031 PBED + ε   

  

  

   

640 231.5704 1.743  66.7/30.4/2.90.062

logit(y) = β + 0.585 BEDU – 0.518 EMB – 0.031 PBED + ε 640 231.6344 1.807  65.9/30.6/3.60.060

logit(y) = β + 0.026 FST  - 0.504 EMB – 0.031 PBED+ ε 640 231.7474 1.920  65.3/30.8/4.00.057

logit(y) = β – 0.532 EMB + ε 640  0.0462 232.151 2.324 48.8/21.7/29.5

logit(y) = β + ε  640 1 238.134 8.307 0.002 -- 
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Table 2.15.  Logistic regression models explaining microhabitat use by P. subtentum in upper reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model N   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 4.291 MEANU + ε     640 2 0.238161.684 0.000 83.9/15.2/1.0

logit(y) = β + 4.265 MEANU – 0.014 PBED+ ε   

    

    

    

  

  

640  1.1733 162.857  84.4/14.7/0.90.133

logit(y) = β + 3.908 MEANU – 0.277 EMB+ ε 640 1.5733 163.257  84.1/14.7/1.20.109

logit(y) = β + 4.160 MEANU – 0.860 D + ε 640 1.6113 163.295  84.0/15.0/1.00.106

logit(y) = β + 4.279 MEANU – 0.001 D84 + ε 640 1.6973 163.381  84.0/15.2/0.80.102

logit(y) = β + 3.906 MEANU – 0.212 EMB – 0.633 D+ ε 640 164.0974 2.413  84.3/14.7/0.90.071

logit(y) = β + 4.148 MEANU – 0.825 D – 0.014 PBED+ ε 640 164.5184 2.834  84.1/14.9/0.90.058

logit(y) = β + ε  640 1 200.164 38.480 0.000 -- 
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Table 2.16.  Logistic regression models explaining microhabitat use by A. ligamentina in lower reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 1.122x10-6 REN – 0.336 EMB – 0.017 PBED + 0.042 DIST + ε   450 5 430.247 0.000 0.304 70.0/29.5/0.5

logit(y) = β + 1.066x10-6 REN – 0.350 EMB – 0.015 PBED - 0.0001 D84 +  
0.042 DIST + ε 450     

      

  

  

     

6 431.387 1.140 0.172 70.3/29.3/0.4

logit(y) = β + 0.848 MEANU + 0.484 D – 0.333 EMB – 0.017 PBED + 0.043 DIST + ε 450 6 431.398 1.151 0.171 70.7/29.0/0.4

logit(y) = β + 0.072 FST + 0.599 D – 0.354 EMB – 0.017 PBED + 0.040 DIST + ε 450 6 431.939 1.692 0.130 70.7/29.0/0.4

logit(y) = β – 0.4677 EMB + 0.302 D – 0.018 PBED + 0.042 DIST + ε 450  431.9765 1.729 0.128 70.2/29.2/0.6

logit(y) = β + 0.069 FST + 0.590 D – 0.370 EMB – 0.001 D84 – 0.014 PBED +  
0.040 DIST + ε 450 7 433.040 2.793 0.075 70.8/28.8/0.4

logit(y) = β + ε  450 1 460.565 30.318 0.000 -- 
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Table 2.17.  Logistic regression models explaining microhabitat use by A. pectorosa in lower reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n   K AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 2.883 MEANU – 0.210 D – 0.435 EMB – 0.026 PBED+ ε  450  369.0475 0.000 0.251 83.0/16.8/0.2

logit(y) = β + 0.285 FST + 0.101 D – 0.470 EMB – 0.025 PBED + ε   

    

      

  

   

450  369.4405 0.393 0.206 83.1/16.5/0.4

logit(y) = β + 41.295 SHEARU – 0.501 EMB – 0.027 PBED + ε 450 370.7224 1.675 0.109 82.5/17.3/0.2

logit(y) = β + 2.885 MEANU – 0.2092 D – 0.435 EMB + 0.001 D84 – 0.0263 PBED+ ε 450 6 371.101 2.054 0.090 83.0/16.8/0.2

logit(y) = β + 0.284 FST + 0.0965 D – 0.473 EMB – 0.001 D84 – 0.024 PBED + ε 450 6 371.329 2.282 0.080 83.0/16.6/0.3

logit(y) = β + 3.822 MEANU – 0.024 PBED + ε 450  2.3673 371.414  82.3/17.4/0.30.077

logit(y) = β + ε  450 1 481.237 112.190 0.000 -- 
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Table 2.18.  Logistic regression models explaining microhabitat use by E. dilatata in lower reaches of the Clinch River.  Only “best” 
models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model  n  ∆AICc k AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β – 0.001  D84 +  420.7 K + ε   450 0.0003 0.250229.916  62.5/34.2/3.3

logit(y) = β + 338.6 K + ε 450     

     

   

    

      

2 231.464 1.548 0.115 60.8/34.8/4.4

logit(y) = β + 0.187 EMB + 386.8 K + ε 450 3 231.659 1.743 0.104 62.7/34.3/3.0

logit(y) = β – 0.069 FST + 362.9 K + ε 450 1.7433 0.104231.659  63.1/34.6/2.3

logit(y) = β – 0.001 D84 + ε  450 2 232.487 2.571 0.069 42.1/47.9/10.0

logit(y) = β + ε 450 1 232.562 2.646 0.066 --
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Table 2.19.  Logistic regression models explaining microhabitat use by E. brevidens in lower reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 30.853 SHEARU – 0.018 PBED + ε   450  0.0003 179.456  71.0/27.9/1.20.115

logit(y) = β + 2.004 MEANU – 0.018 PBED + ε   

    

    

450  0.1623 479.618  71.9/27.0/1.20.106

logit(y) = β + 0.185 FST – 0.017 PBED + ε 450 0.5983 180.054  68.8/25.7/5.50.085

logit(y) = β + 26.881 SHEARU – 0.129 EMB – 0.018 PBED + ε 450 181.2924 1.836 0.050 71.4/27.4/1.2

logit(y) = β + ε  450 1 189.403 9.947 0.001 -- 
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Table 2.20.  Logistic regression models explaining microhabitat use by E. capsaeformis in lower reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 0.124 FST – 0.978 D – 0.576 EMB – 0.001 D84 – 0.012 PBED + ε  450 6 337.920 0.000 0.358 78.5/21.2/0.3

logit(y) = β + 0.128 FST –0.985 D – 0.552 EMB – 0.018 PBED + ε   

    

      

   

  

450  339.3795 1.459 0.172 78.2/21.5/0.3

logit(y) = β + 0.130 FST – 1.25 D – 0.492 EMB – 0.002 D84 + ε 450 340.6495 2.729 0.091 77.4/22.3/0.3

logit(y) = β + 0.790 MEANU – 1.234 D – 0.648 EMB – 0.001 D84 – 0.013 PBED + ε 450 6 340.781 2.861 0.086 48.0/21.7/0.3

logit(y) = β – 0.797 EMB – 1.415 D – 0.013 PBED – 0.001 D84 + ε 450  340.8115 2.891 0.084 77.5/22.2/0.3

logit(y) = β  0.903 MEANU – 1.245 D – 0.611 EMB – 0.018 PBED + ε 450  341.9535 4.033 0.050 77.5/22.3/0.3

logit(y) = β + ε  450 1 394.379 56.459 0.000 -- 
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Table 2.21.  Logistic regression models explaining microhabitat use by L. fasciola in lower reaches of the Clinch River.  Only “best” 
models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model N   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 0.0204 FST – 0.017 PBED + ε    450 0.0003 183.433  70.3/24.8/4.90.256

logit(y) = β + 0.221 FST + 0.416 D – 0.017 PBED + ε    

    

    

   

450 4 1.824185.257  72.6/26.1/1.20.103

logit(y) = β + 0.205 FST – 0.001 D84 + ε 450 2.1503 185.583  69.7/28.5/1.80.087

logit(y) = β + 0.204 FST + ε 450  0.0852 185.641 2.208 65.9/26.7/7.4

logit(y) = β + 1.839 MEANU – 0.018 PBED + ε 450  2.8493 186.282  70.7/27.9/1.40.062

logit(y) = β + ε  450 1 195.112 11.679 0.001 -- 
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Table 2.22.  Logistic regression models explaining microhabitat use by M. conradicus in lower reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model N   K AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 9.41x10-4 RENR – 1.430 D – 0.691 EMB – 0.020 PBED + ε  450  455.8285 0.000 0.206 79.2/20.6/0.2

logit(y) = β – 0.815 EMB – 1.628 D – 0.020 PBED + ε   

   

      

   

  

  

      

450 4 0.268456.096   78.8/20.7/0.50.180

logit(y) = β – 0.821 EMB – 1.607 D – 0.017 PBED – 0.001 D84 + ε 450  456.8265 0.998 0.125 79.0/20.8/0.2

logit(y) = β + 8.77x10-4 RENR  - 1.430 D – 0.704 EMB – 0.018 PBED – 0.001 D84 + ε 450 6 456.889 1.061 0.121 79.2/20.6/0.2

logit(y) = β + 0.047 FST – 1.459 D – 0.726 EMB – 0.020 PBED + ε 450  457.0004 1.172 0.115 79.0/20.8/0.2

logit(y) = β + 0.448 MEANU – 1.530 D – 0.731 EMB – 0.020 PBED + ε 450  457.2035 1.375 0.103 78.9/20.9/0.2

logit(y) = β + 0.045 FST –1.450 D – 0.735 EMB - 0.004 D84 – 0.017PBED + ε 450 6 457.877 2.049 0.074 79.1/20.7/0.2

logit(y) = β + 0.398 MEANU – 1.523 D – 0.746 EMB – 0.001 D84 – 0.017 PBED + ε 450 6 458.148 2.320 0.065 79.1/20.8/0.2

logit(y) = β + ε  450 1 558.397 102.569 0.000 -- 
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Table 2.23.  Logistic regression models explaining microhabitat use by P. fasciolaris in lower reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 9.731x10-7 REN – 0.315 EMB – 0.001 D84 + 0.032 DIST + ε   450 5 287.368 0.000 0.114 67.0/32.1/0.9

logit(y) = β – 0.389 EMB – 0.011 PBED + 0.034 DIST + ε  

   

  

450 287.4324 0.064  65.8/32.0/2.30.110

logit(y) = β –0.427 EMB + 0.260 D – 0.001 D84 + 0.031 DIST + ε 450  288.1555 0.787 0.077 65.3/33.5/1.1

logit(y) = β + 1.840x10-6  REN – 0.001 D84 + 0.029 DIST + ε 450 288.7124 1.344  64.2/34.7/1.00.511

logit(y) = β + ε  450 1 294.584 7.216 0.003 -- 
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Table 2.24.  Logistic regression models explaining microhabitat use by P. subtentum in lower reaches of the Clinch River.  Only 
“best” models having Akaike weights (ωi) > 0.05 and the null model (intercept only) are presented.  See Table 2.2 for definition of 
parameters and Appendix A for a list of all models tested. 

Model n   k AICc ∆AICc ωi

Concordant/ 
Discordant/ 

Ties 

logit(y) = β + 0.223 FST – 0.758 D – 0.615 EMB – 0.016 PBED + ε   450  366.2755 0.000 0.475 82.1/17.7/0.2

logit(y) = β + 0.221 FST  - 0.756 D – 0.623 EMB – 0.0001 D84 – 0.012 PBED + ε  

    

450 6 366.576 0.301 0.409 82.2/17.6/0.2

logit(y) = β + 0.225 FST – 0.883 D – 0.536 EMD – 0.001 D84 + ε 450 369.7274 3.452 0.085 81.6/18.3/0.2

logit(y) = β + ε  450 1 465.892 99.617 0.000 -- 
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Table 2.25.  Coefficients from canonical correspondence analysis for species and habitat parameter 
data matrixes for upper Clinch River reaches. 

 Standardized Canonical Coefficients 
Habitat Parameter Axis 1 Axis 2 Axis 3 
FST 0.243 -0.015 0.500 
EMB -0.250 -0.244 -0.397 
D84 0.164 0.188 0.219 
SORT 0.153 0.220 0.278 
PBED -0.105 0.826 -0.361 
D -0.138 -0.360 0.444 
MEANU 0.413 -0.236 0.031 
K 0.544 -0.133 -0.743 
Eigenvalue 0.129 0.082 0.072 
% Variation in species data explained 2.1 1.3 1.2 
Total variance in species data = 6.146 

 



 

Table 2.26.  Coefficients from canonical correspondence analysis for species and habitat parameter 
data matrixes for lower Clinch River reaches. 

 Standardized Canonical Coefficients 
Habitat Parameter Axis 1 Axis 2 Axis 3 
FST -0.559 0.596 0.184 
EMB 0.147 0.487 -0.352 
D84 -0.056 0.025 -0.155 
SORT -0.178 -0.320 0.733 
PBED 0.061 0.036 -0.076 
D 0.373 0.666 0.707 
MEANU -0.124 0.435 0.172 
K -0.038 -0.451 -0.352 
Eigenvalue 0.173 0.060 0.039 
% Variation in species data explained 2.8 1.0 0.6 
Total variance in species data = 6.146 
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Table 2.27.  Host fish that are known to occur in the Clinch River for mussels encountered in this 
study (US EPA 1999).  Host species list were obtained from Parmalee and Bogan (1998) and the Ohio 
State University Mollusc Division Mussel host database (http://www.biosci.ohio-
state.edu/~molluscs/OSUM2/)   

Guild and 
Species Host Species 

Fast-flow specialists  
D. dromas Percina evides 
E. brevidens Cottus carolinae, Etheostoma blenioides, E. maculatum, E. rufilineatum, E. 

simoterum, E. vulneratum, Percina caprodes  
E. capsaeformis Cottus carolinae, Etheostoma maculatum, E. vulneratum, Percina sciera  
L. rimosus Etheostoma blenioides, E. zonale 
P. subtentum Cottus carolinae, Etheostoma caeruleum, E. flabellare E. obeyense, E. 

rufilineatum  
  
Fast-flow Generalists   
A. pectorosa Unknown 
L. fasciolaris Micropterus dolomieu, M. salmoides 
M. conradicus Etheostoma caeruleum, E. flabellare, E. rufilineatum, E. virgatum, Lepomis 

gulosus 
  
Slow-flow Tolerant  
A. ligamentina Ambloplites rupestris, Lepomis cyanellus, L. megalotis, L. macrochirus, 

Micropterus dolomieu, M. salmoides, Morone chrysops, Perca flavescens, 
Pomoxis annularis, P. nigromaculatus, Stizostedion canadense 

A. plicata Ambloplites rupestris, Aplodinotus grunniens, Cyprinella spiloptera, C. whipplei, 
Hypentelium nigricans, Ictalurus punctatus, Lepomis cyanellus, L. gibbosus, L. 
macrochirus, Lepisosteus platostomus, M. salmoides, Morone chrysops, 
Moxostoma duquesnei, M. erythrurum, Percina caprodes, Pomoxis annularis, P. 
flavescens, Pylodictis olivaris  

C. tuberculata Ameiurus malus, Ictalurus punctatus, Pylodictis olivaris 
C. stegaria Unknown 
E. dilatata Ambloplites rupestris, Cottus carolinae, Dorosoma cepedianum, Etheostoma 

caeruleum, Perca flavescens, Pomoxis annularis, P. nigromaculatus, Pylodictis 
olivaris 

F. barnesiana Unknown 
F. cor Notropis telescopus, Luxius coccogenis 
F. subrotunda Unknown 
H. lata Unknown 
L. ovata Micropterus dolomieu, M. salmoides, Lepomis macrochirus, Perca flavescens, 

Pomoxis annularis, Stizostedion canadense 
L. costata Ambloplites rupestris, Amia calva, Campostoma anomalum, Cottus carolinae, 

Dorosoma cepedianum, E. caeruleum, E. flabellare, E. virgatum, Fundulus 
catenatus, Lepomis cyanellus, L. megalotis, L. macrochirus, Micropterus 
salmoides, Moxostoma carinatum, Perca flavescens, Stizostedion vitreum  
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Table 2.27.  Continued. 
Guild and  
Species 

 
Host Species 

Slow-flow Tolerant (Continued)  
L. dolabelloides Notropis ariommus, N. leuciodus, N. rubellus, N. rubicroceus, N. photogenis, N. 

telescopus  
P. oviforme Cyprinella galactura, Etheostoma flabellare, Nocomis micropogon 
P. alatus Aplodinotus grunniens 
P. cyphyus Stizostedion canadense 
Q. pustulosa Ameiurus malus, A. nebulosus, Ictalurus punctatus, Pylodictis olivaris, Pomoxis 

annularis 
V. iris Ambloplites rupestris, Micropterus dolomieu, M. punctulatus, M. salmoides 
  
Specialists  
C. monodonta Unknown 
F. cuneolus Campostoma anomalum, Cottus bairdi, Cyprinella galactura, Nocomis 

micropogon, Notropis telescopus, N. leuciodus, Pimephales promelas 
Q. c. strigillata Cyprinella galactura, C. spiloptera, Hybopsis amblops 
  
No Placement  

L. recta 
Lepomis cyanellus, L. megalotis, L. macrochirus, Micropterus salmoides, Pomoxis 
annularis, Stizostedion canadense, S. vitreum  

E. triquetra Cottus carolinae, Percina caprodes 
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Figure 2.1.  Five reaches in two distinct segments of the Clinch River were studied.  River reaches at 
Cleveland Island (CRM 270.9), Artrip (CRM 274.5), and 698 Island (CRM 278) reaches are in close 
proximity and have similar fauna.  Kyle’s Ford (189.5) and Sycamore Island (CRM 204) represent a 
segment with greater diversity a considerable distance further downstream. 
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Figure 2.2.  Example of mesohabitat sites within the Cleveland Island reach.  In a typical 25 x 25 m 
site was sampled by 25 random samples were collected.  When sites were smaller fewer samples were 
collected.  Map not to scale. 
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                                                     Pool                                                  Run                                                Riffle 
 

Figure 2.3.  Mean density and richness (number per 0.25 m2 quadrat) for mesohabitat types by reach.  Erro bars represent standard 
error around the mean.  A clear pattern exists of increasing density and richness from pool to run to riffle mesohabitats despite 
variation by reach.  See Table 2.1 for location of reaches and number of mesohabitat sites per type sampled.   
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Figure 2.4.  Ordination biplot from canonical correspondence analysis of species occurrence matrix 
and habitat parameter matrix for upper reaches in the Clinch River.  Only more frequently encounter 
species were included (n > 5).  Habitat parameters presented correlated with Axes 1 and 2 at the r2 = 
0.25 cut off level.  
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Figure 2.5.  Ordination biplot from canonical correspondence analysis of species occurrence matrix 
and habitat parameter matrix for lower reaches in the Clinch River.  Only more frequently encounter 
species were included (n > 5).  The habitat parameters presented are correlated with Axes 1 and 2 at 
the r2 = 0.25 cut off level.  
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Figure 2.6.  Average linkage fusion method was used to cluster species encountered in the upper 
reaches with similar median FST, EMB, and D values.  Accompanying scree plots are in Appendix C.   
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Figure 2.7.  Ward’s minimum-variance linkage fusion method was used to cluster species encountered 
in the upper reaches with similar median FST, EMB, and D values.  Accompanying scree plots are in 
Appendix C.   
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Figure 2.8.  Average linkage fusion method was used to cluster species encountered in the lower 
reaches with similar median FST, EMB, and D values.  Accompanying scree plots are in Appendix C.   
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Figure 2.9.  Ward’s minimum-variance linkage fusion method was used to cluster species encountered 
in the lower reaches with similar median FST, EMB, and D values.  Accompanying scree plots are in 
Appendix C.   
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CHAPTER 3:  DEVELOPMENT AND TRANSFERABILITY OF HABITAT 
SUITABILITY CRITERIA 

  

ABSTRACT 

 I developed habitat suitability criteria (HSC) for three habitat guilds and seven species of 

adult freshwater mussels in the Clinch River, Virginia and Tennessee.  Nonparametric tolerance 

limits were used to define the range of suitable and optimal habitat during summer low flows.  

Optimal habitat was defined as those ranges of FST hemisphere number, mean column velocity, and 

embeddedness occupied by the central 50% of observations for a species or guild, whereas suitable 

habitat was defined by those ranges occupied by the central 90% of observations.  The 

transferability of criteria to other reaches of the Clinch River was assessed using one-sided Chi-

square analysis.  Criteria developed for the fast-flow specialist (FFS) and fast-flow generalist (FFG) 

guilds, as well as most criteria for species in those guilds, transferred to destination reaches.  In 

contrast, criteria developed for the slow-flow tolerant (SFT) guild and individual constituent species 

consistently failed to transfer.  Criteria for FFS and FFG guilds and their constituent species should 

be incorporated into flow simulation models such as PHABSIM to gauge the effect of minimum 

flows on mussel habitat quality and quantity.  These criteria could also be used to determine suitable 

sites for mussel translocations.  However, my criteria require further testing in other rivers before 

they can be transferred beyond the Clinch River.   

 

INTRODUCTION 

 Habitat suitability criteria (HSC) define habitat needs (preferences and tolerances) of species 

and assemblages, and are often used to predict the effects of impoundment, flow modification, or 
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water withdrawal on the amount and quality of habitat available to species and assemblages (Bovee 

1994).  Habitat suitability criteria are an essential part of the Instream Flow Incremental 

Methodology (IFIM), an approach used to strike a balance between instream flow needs of species 

and demands of human populations that inhabit basins.  The Instream Flow Incremental 

Methodology was initially developed to manage habitat for salmonids in impounded rivers in the 

western United States but has more recently been applied to warmwater fishes and 

macroinvertebrate assemblages (Leonard and Orth 1991, Layzer and Madison 1995, Bowen et al. 

1998, Gore et al. 2001).  In the IFIM process, Physical Habitat Simulations (PHABSIM) model 

functional relations between discharge and physical microhabitat.  These PHABSIM models use 

HSC to determine how instream flows affect quantity and quality of habitat available to important 

target species and assemblages (Bovee 1994).   

It is important to define habitat needs for freshwater mussels to conserve remaining 

populations in altered lotic ecosystems and also to create habitats suitable for repopulation (Bovee 

1994, Layzer and Madison 1995, Gore et al.  2001).  Widespread dam construction in the Tennessee 

River basin drastically changed instream habitat (Parmalee and Bogan 1998).  Shoals and riffles that 

formerly provided ideal mussel habitats in the Tennessee River and its tributaries were flooded by 

the creation of reservoirs, while the operation of dams for reservoir maintenance and power 

production created adverse conditions in tailwaters (Parmalee and Bogan 1998).  Shoals and riffles 

in tailwaters were often desiccated by long dry spells interrupted by hydropeaking releases that 

scoured tailwaters with unseasonably cold and oxygen-deprived hypolimnetic water.   Changes 

above and below dams caused the extirpation of many species and contributed to the extinction of 

several species endemic to the Tennessee River basin (Parmalee and Bogan 1998).  With an 

estimated recovery of 150 - 200 miles of lotic habitat to more natural conditions in the Tennessee 

River basin due to implementation of minimum flow guidelines and oxygenation of releases, there 
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is impetus to restore historic populations to tailwaters (Parmalee and Bogan 1998).  To achieve 

these ends, HSC must be developed to guide tailwater releases. 

I also suggest that HSC could be used to identify destination sites for mussel population 

translocations.  Adult mussels are commonly translocated to unaffected sites to mitigate effects of 

bridge and road construction, as well as channel modification (Dunn 1993, Layzer and Gordon 

1993, Hamilton et al. 1997).  These efforts have had limited success due to a lack of quantative 

habitat information to guide selection of destination sites (Cope and Waller 1995, Hamilton et al. 

1997).   

Initially, HSC were developed to manage habitat needs of game fish in coldwater streams.  

Game fishes often fail to represent instream flow needs of communities, especially the complex 

communities of warmwater streams and equally important macroinvertebrate assemblages (Leonard 

and Orth 1991, Bowen et al. 1998, Gore et al. 2001).  Often game fishes inhabit deeper pool and run 

habitats that are least affected by stream flow modifications (Leonard and Orth 1991, Bowen et al. 

1998).  This has lead to flow recommendations that are lower than if habitat specialists were 

included (Leonard and Orth 1988, Lobb and Orth 1991, Aadland 1993).  Additionally, game fishes 

can adapt to flow modifications more readily than can species that rely on faster flows (Lobb and 

Orth 1991, Bowen et al. 1998).  Therefore, basing flow requirements on these species may fail to 

serve the needs of the rest of community.  Such a failure could have negative consequences for 

federally protected species of freshwater mussels, such as E. brevidens, E. capsaeformis, D. 

dromas, L. rimosus and P. subtentum, which require fast and shallow habitats (Chapter 2, Layzer 

and Madison 1995, Gore et al. 2001).   

Recent studies have recognized these drawbacks and expanded HSC development to include 

diverse members of warmwater fish assemblages and, to a limited degree, macroinvertebrate 

assemblages (Aadland 1993, Layzer and Madison 1995, Gore et al 2001).  With this expansion, a 
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more complex community, including multiple trophic and habitat niches, needed to be considered.  

Instead of developing criteria for each species, guilds in which species with similar habitat 

tolerances and preferences were proposed and used to address this complexity (Orth 1987, Leonard 

and Orth 1988, Aadland 1993).  To deal with the diverse mussel assemblages of the upper Clinch 

River, three habitat-based guilds were proposed in Chapter 2.  They include fast-flow specialist 

(FFS), fast-flow generalists (FFG), and slow-flow tolerant (SFT).  Fast-flow specialists (D. dromas, 

E. brevidens, E. capsaeformis, L. rimosus, and P. subtentum) most often occurred in the fastest 

flows, whereas the other species that grouped with them, A. pectorosa, L. fasciola, and M. 

conradicus, appear to tolerate a wider range of flow conditions and were placed in the fast-flow 

generalist guild.  Species placed in the slow-flow tolerant guild (A. ligamentina, A. plicata, C. 

tuberculata, E. dilatata, P. fasciolaris, Q. pustulosa, V. iris) also appear to tolerate a wider range of 

flow conditions, but were more likely to occur in slow flow microhabitats than were species of the 

other guilds.         

Before HSC can be used to guide management beyond the reach from which they were 

developed, transferability of criteria to other reaches and rivers must be assessed (Thomas and 

Bovee 1993).   Transferability is the ability to use criteria developed in a source reach or stream to 

distinguish suitable or optimal microhabitats in destination reach or stream.  Use of reach-specific 

or river-specific HSC many lead to the implementation of inappropriate flow guidelines and 

ultimately compromise attempts to conserve and restore populations.  The purpose of this study was 

to develop and test the transferability of HSC for seven mussel species and three habitat guilds in 

the upper Clinch River, a tributary of the Tennessee River. 
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METHODS 

Two river segments of the free-flowing Clinch River were studied.  Segments differed by 

mussel species richness and stream order.  In each segment, one reach with considerable habitat 

complexity (i.e., mesohabitat units were within close proximity) that supported a dense and rich 

assemblage was designated as a source reach.  Source reaches were used to develop habitat 

suitability criteria.  An additional reach in the lower segment, Sycamore Island, VA and two in the 

upper segment, Artrip and 698 Island, VA, each with habitat complexity comparable to source 

reaches were designated destination reaches and used to test transferability of HSC. Equal effort 

was made to sample three mesohabitat types (riffles, runs, and pools) in a reach.  Collection of the 

data set for this study is described in detail in Chapter 2 methods. 

 

HSC Development 

Habitat suitability criteria for fish commonly include depth, flow velocity, and substrate 

particle size or type parameters.  However, these parameters may not be biologically important to 

freshwater mussels.  For example, most substrate characteristics were similar between microhabitats 

occupied and unoccupied by species, and depth was not consistently different between occupied and 

unoccupied by species (Chapter 2).   Previous analysis determined that embeddedness (EMB), local 

shear stress as measured by FST hemispheres (FST), and mean column velocity (MEANU) best 

described microhabitat use among species (see Chapter 2); therefore, these parameters were used to 

develop HSC (see Chapter 2).  Embeddedness (EMB) described the degree to which interstitial 

spaces among larger substrate particles were clogged by smaller particles such as sand and silt 

(Gordon et al. 2004).  Embeddedness was recorded on an integer scale from 1 to 4 corresponding to 

an embeddedness of <25%, 25 – 50%, 50 – 75%, > 75%, respectively.   Shear stress (FST 

hemisphere number) describes the force of water pushing an object at the streambed in the direction 
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of flow.  Numbers positively correspond to increasing shear stress.  Mean column velocity 

(MEANU) was measured at 0.6 depth if depth was less than 0.8 m or the mean of 0.2 and 0.8 depth 

if depth was greater than 0.8 m.     

Habitat suitability criteria were created for species and guilds based on nonparametric 

tolerance limits (at the 95% confidence level) from tables developed by Sommerville (1958) and 

Slauson (1998), both based on the work of Murphy (1948).  The central 90% of occupied quadrats 

were considered useable and assigned a suitability value of 0.2.  The central 50% were considered 

optimal and assigned a value of 1.  All values beyond the central 90% were considered unsuitable 

and assigned a value of 0.  Histograms of habitat used and habitat available were used to determine 

whether a one-sided application of was necessary.  HSC were only developed for species observed 

in at least 25 quadrats in source reaches.   

Two approaches are commonly used to develop HSC for a habitat guild.  HSC for one 

species can be used to represent a guild (Leonard and Orth 1988), or individuals of all species in a 

guild are pooled as one “super species” (Austen et al. 1994).  The latter approach was used to 

develop and test transferability of HSC for guilds.  HSC were developed for three guilds: fast-flow 

specialist (FFS), fast-flow generalists (FFG), and slow-flow tolerant (SFT).  For details of guild 

assignment see Chapter 2.  

 

HSC Transferability   

Each quadrat in destination reaches was scored as optimal, usable, or unsuitable according to 

FST, MEANU, and EMB habitat suitability criteria.  Quadrats also received a composite score 

based on all three parameters.  I calculated composite scores by assigning optimal quadrats an 

arbitrary score of 1, usable a score of 0.2, and unsuitable a score of 0 according to each parameter.  I 

then calculated the geometric mean of parameter scores to determine if quadrats were optimal, 
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usable, or unsuitable according to all parameters.  Composite optimal scores were obtained only 

when all parameter scores were optimal (composite score = 1).  Unsuitable scores were obtained 

when at least one parameter was unsuitable (composite score = 0).  Usable composite scores had 

values between 0 and 1.  All quadrats with composite scores greater than 0 were considered 

suitable.  Totals for quadrats suitable and occupied, suitable and unoccupied, unsuitable and 

occupied, and unsuitable and unoccupied were arranged in a 2 x 2 contingency table according to 

FST, MEANU and EMB scores alone and also for composite scores.  One-sided Chi-square tests 

were used to test the following hypothesis.   

 
Ho: There is no association or a negative association between suitable quadrats and occupied quadrats. 
HA: There is a positive association between suitable quadrats and occupied quadrats. 
  
Likewise, totals for quadrats optimal and occupied, optimal and unoccupied, usable and occupied 

and usable and unoccupied were arranged in a contingency table.  One-sided Chi-square tests were 

used to test the following hypothesis.    

Ho: There is no association or a negative association between optimal quadrats and occupied quadrats. 
HA: There is a positive association between optimal quadrats and occupied quadrats. 
 
Criteria were considered transferable only when both null hypotheses were rejected at the α = 0.05 

level. 

Thomas and Bovee (1993) recommend using at least 55 occupied and 200 unoccupied 

replicates to avoid type II errors.  In an effort to comply with these guidelines, I combined upper 

destination sites for transferability tests.  These reaches were separated by less than 8 river-miles 

and shared similar habitat complexity, species richness, and density.  Likewise, I combined Kyle’s 

Ford and Sycamore Island for some destination tests.  Though separated by greater distance, they 

possessed a similar fauna, habitat complexity, and were within the same river segment. 
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RESULTS 

HSC Development 

I developed habitat suitability criteria for four species sampled in the Cleveland Island reach 

(A. pectorosa, E. dilatata, L. fasciola, and M. conradicus).  These species were the only species 

encountered in at least 25 quadrats.  Usable and optimal criteria for EMB, FST, and MEANU are 

defined in Table 3.1.  Together these species occupied the full range of FST  (1 –14) and EMB (1 – 

4) available in that reach.  No MEANU values less than 0.1 m/s were considered suitable.  Usable 

criteria encompass similar ranges for these species.  Optimal FST criteria for A. pectorosa, L. 

fasciola, and M. conradicus are greater than the optimal criteria for E. dilatata.  Similarly, the upper 

and lower cut-offs for optimal MEANU criteria for A. pectorosa, L. fasciola, and M. conradicus are 

higher than criteria for E. dilatata.  Habitat suitability criteria for the fast flow generalist guild 

(FFG), which included A. pectorosa, L. fasciola, and M. conradicus, and the slow flow tolerant 

guild (SFT), which included A. ligamentina, A. plicata, C. tuberculata, E. dilatata, P. fasciolaris, P. 

alatus, L.  ovata, and V. iris,  were also developed from the Cleveland Island reach (Table 3.1).  

Criteria for the FFG guild have a more restricted range than criteria for the SFT guild. 

I developed habitat suitability criteria for Ptychobranchus subtentum and P. fasciolaris from 

observations in the combined upper reaches (Cleveland Island, Artrip, and 698 Island) because 

fewer than 25 individuals were encountered at a single reach.  Usable and optimal FST and 

MEANU criteria for P. subtentum have no upper limit and encompass only the fastest FST and 

MEANU observations.  Criteria for P. fasciolaris were similar to those developed for E. dilatata.   

I developed habitat suitability criteria for one species and one guild from the Kyle’s Ford 

reach.  Actinonaias ligamentina and the fast-flow specialist guild (FFS) were observed in at least 25 

quadrats.  Optimal and usable criteria for A. ligamentina encompassed a wide range of FST and 

MEANU observations and were similar to criteria for E. dilatata and P. fasciolaris (Table 3.1).  I 
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developed FFS criteria from quadrats occupied by at least one individual of D. dromas, E. 

brevidens, E. capsaeformis, L. rimosus, or P. subtentum.  Microhabitats occupied by this guild, in 

general, had higher velocities and FST values than did those occupied by the FFG or SFT guild.     

The EMB criteria for all species and guilds were similar (Table 3.1).  Usable criteria for all 

species encompassed EMB values from 1 – 3, and A. ligamentina, E. dilatata, L. fasciola, and the 

SFT guild encompassed all observations.  An EMB value of 1 to 2 was considered optimal for all 

species and guilds, except A. pectorosa and M. conradicus for which only a value of 1 was 

considered optimal. 

 

HSC Transferability 

A summary of transferability tests is provided in Table 3.2.  Details of all tests, including 

destination reaches, total number of occupied, unoccupied, optimal, usable, and unsuitable quadrats, 

and one-sided chi-square T-statistics are presented in Table 3.3 and 3.4 for FST criteria, 3.5 and 3.6 

for MEANU criteria, 3.7 and 3.8 for EMB criteria, and 3.9 and 3.10 for combined criteria.  Some 

null hypotheses could not be tested because usable EMB criteria encompassed the entire range of 

available values.  In these cases, if only optimal null hypothesis were rejected, criteria were 

considered transferable.   

In general, EMB, FST, and MEANU habitat suitability criteria for FFG, FFS, and the 

species that belonged to these guilds were transferable (Table 3.2).  Exceptions are found for 

members of the FFG guild, even though criteria for the guild transferred by rejecting the null 

hypothesis in every test.  FST criterion for M. conradicus developed from Cleveland Island was not 

transferable to the combined Artrip and 698 Island reaches data set (Table 3.3). Optimal FST (Table 

3.4) and EMB (Table 3.8) criteria for L. fasciola developed from Cleveland Island failed to transfer 
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to the combined lower reaches data set (Kyle’s Ford and Sycamore Island).  The optimal composite 

criterion also failed to transfer to the combined Artrip and 698 Island reaches data set (Table 3.10).   

Almost all habitat suitability criteria for the SFT guild, and its members analyzed 

independently (A. ligamentina, P. fasciolaris, and E. dilatata) were not transferable.  Transferability 

of the optimal EMB criteria for E. dilatata (Table 3.8), and the SFT guild (Table 3.8) were 

exceptions to this trend.    

 

DISCUSSION 

There was considerable overlap of habitat suitability criteria among the species and guilds I 

studied; however, the breadths of the ranges of optimal and suitable habitat varied somewhat among 

groups.  Ptychobranchus subtentum and its FFS guild have the narrowest ranges.  All criteria for P. 

subtentum and the FFS guild were transferable.  The SFT guild and three of its members, A. 

ligamentina, E. dilatata, and P. fasciolaris have wide ranges for each parameter.  In some cases, the 

range of all observed microhabitats was encompassed by suitable criteria, so no quadrats were 

considered unsuitable, and when an unsuitable range existed, few quadrats were scored as such.  

Consequently, criteria for the SFT guild and its members consistently failed to transfer.  The FFG 

guild and its members, A. pectorosa, L. fasciola, and M. conradicus, used habitat of an intermediate 

range.  Criteria for the FFG guild consistently transferred to destination reaches, as did most criteria 

for species in this guild.   

There are four proximate explanations why criteria consistently failed to transfer for the SFT 

guild.  They are type II errors, inappropriate parameters used in criteria development, broad habitat 

use by species, and inappropriate guild assignment.  Thomas and Bovee (1993) demonstrated that 

the probability of committing a type II error, inability to detect criteria transferability when criteria 
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are transferable, increases substantially when the number of occupied quadrats drops below 55 and 

unoccupied below 200.  The number of quadrats occupied and unoccupied by A. ligamentina at 

Sycamore Island were 17 and 174, respectively.  This explanation is less likely for the failure of E. 

dilatata and P. fasciolaris criteria because the number of observations in destination reaches for 

these species were greater.  Actinonaias ligamentina, E. dilatata, P. fasciolaris, and the entire SFT 

guild exhibit such broad microhabitat use that suitable criteria encompassed almost the entire 

observed range of parameters.  This results in few microhabitats classified as unsuitable and thus 

lowers the probability of rejecting the unsuitable vs. suitable hypothesis.  Habitat suitability criteria 

for habitat generalists often fail to transfer as well as criteria for specialists (Freeman et al. 1997, 

Mäki-Petäys et al.  2002).   Designation of optimal suitability, and even suitable microhabitats for 

generalists, may be irrelevant because the parameters used are biologically insignificant.  

Ultimately, failure of HSC may stem from the relative unimportance of microhabitat parameters to 

these species.  Other factors acting at the same or greater scales may have more control over 

probability of occurrence.  Additionally, these species may be least affected by changes in instream 

flow; and therefore, criteria for these species may be inappropriate targets on which to base 

instream flow management.  Failure of SFT criteria also could be caused by inappropriate guild 

assignment.  The SFT guild also was composed of more species than used to develop and test other 

guilds.  Further work should be encouraged to improve the resolution of guild placement.         

Criteria developed for Lampsilis fasciola also failed to transfer several times.  HSC failure 

may be caused by a shift in habitat use between upper and lower segments.  Canonical 

correspondence analysis demonstrated that this species grouped much closer to fast-flow specialists 

in lower reaches than in upper reaches, where it appeared to occupy a greater range of microhabitat 

conditions.  Criteria for FFG, in which this species was included, were transferable, so this species 

may be a generalist to a greater degree than others in the guild.     
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Criteria for most FFG and all FFS transferred well.  These may be the most important 

species to consider for minimum flow requirements.  If minimum flow conditions and low 

embeddedness are maintained for species such as E. capsaeformis and P. subtentum, suitable habitat 

should be available for the entire assemblages encountered in these reaches.  Nevertheless, a lack of 

suitable microhabitats for species such as P. alatus, F. cuneolus and F. cor may be related to their 

rarity at these reaches.  Efforts should be made to more adequately define microhabitat use for those 

species and others in the SFT guild, such as F. subrotunda, F. barnesiana/P. oviforme, L. 

dolabelloides, F. cor, P. alatus, and L. ovata.  Ultimately, it needs to be determined whether they 

belong in this broad and all-encompassing guild for generalists.  Some of these species may occupy 

a narrower range of microhabitats.  

In my study, all microhabitats were measured during summer low flows, so criteria do not 

account for changing microhabitat conditions as discharge varies throughout the year.  As it is 

highly unlikely that mussels migrate to find more favorable microhabitats as discharge changes, it is 

essential to understand shear stress, flow velocity, and other flow characteristics at different 

discharges over the same microhabitat patches (Madison and Layzer 1995, Gore et al. 2001).  

Temporal changes in flow discharge will need to be considered for tailwater management and also 

designation of translocation sites.  Determining how flow changes over these microhabitat patches 

will be difficult to accomplish by instream studies and may require hydraulic modeling.  This study 

only addressed the microhabitats occupied by adults.  The availability of suitable juvenile habitat 

may have a large influence on the success of a species.  I did, however, encounter juveniles (less 

than 2 years old) of A. pectorosa and E. capsaeformis in close proximity to adults of those species.  

Nevertheless, the results of this study provide transferable criteria for adults of species that may be 

most at risk by decreased discharges.   

 118



 

Only FST number, mean column velocity, and embeddedness were used to develop HSC to: 

1) reduce the number of parameters need to further test HSC, 2) use parameters that consistently 

differentiated among occupied and unoccupied microhabitats for most species, and 3) use 

parameters that have some biological significance.  Mean column velocity and embeddedness are 

used frequently to develop of habitat suitability criteria and incorporated into flow management 

models (e.g., PHABSIM).  An important criticism identified by Gore et al. (2001) is that IFIM, and 

associated habitat suitability criteria, are primarily focused on minimum flows, which can 

overshadow the importance of occasional high flow events needed to flush accumulated sediment 

and maintain suitable substrate conditions.  Embeddedness may address this criticism by gauging 

the degree to which interstitial spaces are clogged by smaller sediments.  Embeddedness may be 

affected by spates that remove interstitial particles in stable microhabitats without eliminating large 

particles.  Conversely, scouring action could be unfavorable if it removes gravel substrates in which 

mussels anchor.  In these cases, microhabitats would be characterized by higher percent bedrock 

(Church 1997).  Though not included in criteria, percent bedrock was negatively associated with the 

occurrence of many species (Chapter 2).   Local shear stress, as measured by FST number, is 

increasingly used in the study of habitat use by benthic macroinvertebrates, but is not included in 

flow models.  FST sets can be expensive and are not as available to managers as flow meters and 

survey equipment, nevertheless FST numbers presented in this study can be roughly converted to 

shear stress values (see Dittrich and Schmedtje 1995).  As this parameter is frequently associated 

with freshwater mussel occurrence (Layzer and Madison 1995, Hardison and Layzer 2001, Krstolic 

2001, Gangloff 2003), it should be considered in future habitat assessments.   

Other factors, such as water depth and percent bedrock that also determine mussel 

distribution, were not considered in this study because previous analysis demonstrated that these 

parameters were not as important to most species.  Nevertheless, these parameters also should be 
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considered for flow regulation, channel modification, and translocation of populations.  I would 

recommend maintaining a minimum depth of 0.3 m over riffles.  Few mussels were encountered in 

shallower depths (Chapter 2), and desiccation of riffle habitats that support the greatest species 

richness and density should be avoided.  I would also suggest re-establishing and translocating 

populations to microhabitats and mesohabitats with less than 25% exposed bedrock.  High percent 

bedrock may belie long-term substrate instability (Church 1997).   

Habitat suitability criteria developed and tested in this study, analyses from Chapter 2, and 

other works (Church 1997, Krstolic 2001) demonstrate that stable riffles are presently the most 

important habitats for mussel assemblages in the Clinch River.  These mesohabitats provide suitable 

and optimal microhabitat conditions for most species.  Minimum flows should be designed to 

provide physical microhabitat conditions required by the FFG and FFS guilds in riffles and runs in 

TVA tailwaters.  In addition to microhabitat criteria presented in this study, several other factors 

must be considered to ensure ultimate survival of re-established and translocated populations in 

tailwaters.  First, suitable habitat must exist for host fishes.  Second, habitat should be stable 

throughout the extremes of the hydrograph.  Third, temperature and flow regime should be 

comparable to those observed in unregulated segments of a river.  My study demonstrates that HSC 

have potential as management tools, and that guilds can be an effective approach to account for 

complexity of mussel assemblages in the development of HSC.  Nevertheless, much work remains 

to develop HSC for imperiled species, assess transferability to other rivers, and to refine guilds.   
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Table 3.1.  Habitat suitability criteria were developed for the most abundant species and three guilds.  Source reaches from which 
HSC were developed included: a) Cleveland Island, b) all upper reaches combined (Cleveland, Artrip, 698 Island), and c) Kyle’s Ford.  
The useable range of a parameter included 90 % of observations (n) and optimal range included 50% of observations (n) according to 
nonparametric tolerance limits.   

 

       Usable (score = 0.2) Optimal (score = 1) 
Species Source  n FST MEANU (m/s) EMB FST MEANU (m/s) EMB 
A. ligamentina c  93 1 – 11 0.10 – 1.00 1 – 4 3 – 9 0.30 – 0.90 1 – 2 
A. pectorosa a  42 > 3 > 0.29 1 – 3 > 6 0.60 – 1.00 1 
E. dilatata a  26 0 – 11 0.10 – 1.10  1 – 4 2 – 8 0.30 – 0.80 1 – 2 
L. fasciola a  25 1 – 13 > 0.29 1 – 4 6 – 11 0.50 – 1.20 1 – 2 
M. conradicus a  26 5 – 13 0.40 – 1.20 1 – 3 6 – 9 > 0.70 1 
P. fasciolaris b 32 1 – 10 0.30 – 1.10 1 – 3 4 – 9 0.40 – 0.90 1 – 2 
P. subtentum b  26 > 5 > 0.49 1 – 3 > 7  > 0.70 1 – 2 
           
Guilds         
Fast-flow specialists c 104 > 4 > 0.29 1 – 3 7 – 11 0.70 – 1.20 1 – 2 
Fast-flow generalists a  74 1 – 11 0.20 – 1.10 1 – 3 6 – 10 0.60 – 1.00 1 – 2 
Slow-flow tolerant a  45 0 – 11 0.10 – 1.0 1 – 4 1 - 9 0.30 – 0.80  1 – 2 
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Table 3.2.  Summary of transferability tests conducted for species and guild HSC.  The first value 
represents the number of tests that reject both hypotheses, therefore demonstrating transferability of 
criteria.  The latter number represents total number tests.  Composite tests combined criteria for all 
three parameters to score habitat.  For details of each suitable and optimal criteria transferability test 
see Tables 3.3 and 3.4 for FST, Tables 3.5 and 3.6 for MEANU, Tables 3.7 and 3.8 for EMB, and 
Tables 3.9 and 3.10 for composite criteria, respectively. 

 HSC 
Species FST MEANU EMB Composite 
A. ligamentina 0/1 0/1 0/1 0/1 
A. pectorosa 3/3 3/3 3/3 3/3 
E. dilatata 0/2 0/2 1/2 0/2 
L. fasciola 1/2 2/2 1/2 1/2 
M. conradicus 2/3 3/3 3/3 3/3 
P. fasciolaris 0/1 0/1 0/1 0/1 
P. subtentum 1/1 1/1 1/1 1/1 
     
Guild     
Fast-flow specialists 1/1 1/1 1/1 1/1 
Fast-flow generalists 3/3 3/3 3/3 3/3 
Slow-flow tolerant 0/3 0/3 1/3 0/3 
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 Table 3.3.   Results of one-sided Chi-square tests of transferability for suitable FST criteria to data 
collected in destination reaches.  Destination reaches include: 1) Artrip and 698 Island combined, 2) 
Kyle’s Ford, 3) Sycamore Island, and 4) Kyle’s Ford and Sycamore Island combined.  The range of 
FST values considered suitable and source reaches from which criteria were developed are presented in 
Table 3.1.  The values are the number of suitable and unsuitable quadrats that were occupied and 
unoccupied.  The t-statistic presented was calculated for the one-sided chi-square test of the null 
hypothesis that suitable quadrats and occupied quadrats were negatively or not associated. A value 
greater than 1.6449 rejects the null hypothesis at α = 0.05 (rejection is denoted by an *).

    Suitable Unsuitable  
  Destination Occupied Unoccupied Occupied Unoccupied T 
Species        
A. ligamentina 3 14 147 2 27   0.32   
A. pectorosa 1 48 137 7 181   6.05* 
A. pectorosa 2 68 100 6 86   5.80*
A. pectorosa 3 27 112 0 51   3.40*
E. dilatata 1 25 333 5 10  -3.68 
E. dilatata 4 32 405 0 13   1.01 
L. fasciola 1 37 268 0 68   3.03*
L. fasciola 4 25 355 0 70   2.21*
M. conradicus 1 36 116 5 216   6.50*
M. conradicus 2 81 69 22 88   5.54*
M. conradicus 3 29 57 7 97   4.73*
P. fasciolaris 4 36 308 9 97   -0.81
P. subtentum 4 85 143 10 212   3.78*
        
Guilds       
Fast-flow specialists 3 21 87 2 80   3.56*
Fast-flow generalists 1 86 506 9 72   3.35*
Fast-flow generalists 2 115 92 8 45   4.31*
Fast-flow generalists 3 45 116 3 26   2.01*
Slow-flow tolerant 1 57 301 7 8  -3.09 
Slow-flow tolerant 2 115 140 0 5   2.01*
Slow-flow tolerant 3 138 182 3 5   0.32 
        



 

Table 3.4.   Results of one-sided Chi-square tests of transferability for optimal FST criteria to 
data collected in destination reaches.  Destination reaches include: 1) Artrip and 698 Island 
combined, 2) Kyle’s Ford, 3) Sycamore Island, and 4) Kyle’s Ford and Sycamore Island 
combined.  The range of FST values considered optimal and source reaches from which criteria 
were developed are presented in Table 3.1.  The values are the number of optimal and usable 
quadrats that were occupied and unoccupied.  The t-statistic presented was calculated for the 
one-sided chi-square test of the null hypothesis that optimal quadrats and occupied quadrats were 
negatively or not associated. A value greater than 1.6449 rejects the null hypothesis at α = 0.05 
(rejection is denoted by an *). 

 

    Optimal Usable  
  Destination Occupied Unoccupied Occupied Unoccupied T 
Species        
A. ligamentina 3 9 115 5 32  -1.19 
A. pectorosa 1 34 72 14 65   2.02*
A. pectorosa 2 68 100 6 86   5.80*
A. pectorosa 3 27 112 0 51   3.40*
E. dilatata 1 15 189 10 144   0.32 
E. dilatata 4 19 226 13 179   0.39 
L. fasciola 1 23 97 14 171   3.03*
L. fasciola 4 18 198 7 157   1.58 
M. conradicus 1 27 75 9 41   1.15 
M. conradicus 2 64 43 17 26   2.25*
M. conradicus 3 21 25 9 53   3.57*
P. fasciolaris 4 23 217 13 91  -0.81 
P. subtentum 4 68 79 17 64   3.78*
        
Guilds       
Fast-flow specialists 3 15 44 6 43   1.72*
Fast-flow generalists 1 60 60 26 146   6.43*
Fast-flow generalists 2 84 40 31 52   4.31*
Fast-flow generalists 3 27 39 18 77   3.05*
Slow-flow tolerant 1 46 227 11 74   0.86 
Slow-flow tolerant 2 115 140 0 5   2.01 
Slow-flow tolerant 3 31 106 13 32  -0.85 
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    Suitable Unsuitable  
  Destination Occupied Unoccupied Occupied Unoccupied T 
Species        
A. ligamentina 3 7 108 3 37  -0.31 
A. pectorosa 1 51 203 4 115   4.24* 
A. pectorosa 2 69 119 5 67   4.76* 
A. pectorosa 3 26 127 1 36   2.23* 
E. dilatata 1 25 302 5 41  -0.75 
E. dilatata 4 31 377 1 41   1.25 
L. fasciola 1 34 220 3 116   3.27* 
L. fasciola 4 22 318 2 108   1.89* 
M. conradicus 1 39 130 2 202   6.79* 
M. conradicus 2 56 41 20 76   2.14* 
M. conradicus 3 32 94 4 60   3.18* 
P. fasciolaris 4 38 284 7 121  -2.36 
P. subtentum 4 81 123 14 232   8.80* 
        
Guilds       
Fast-flow specialists 3 16 35 7 95   4.00* 
Fast-flow generalists 1 86 209 9 98   3.13* 
Fast-flow generalists 2 109 107 14 30   2.26* 
Fast-flow generalists 3 43 108 5 34   2.01* 
Slow-flow tolerant 1 52 267 12 42  -1.07 
Slow-flow tolerant 2 133 100 6 21   3.43* 
Slow-flow tolerant 3 37 118 10 25  -0.58 
           

 Table 3.5.   Results of one-sided Chi-square tests of transferability for suitable MEANU criteria to 
data collected in destination reaches.  Destination reaches include: 1) Artrip and 698 Island combined, 
2) Kyle’s Ford, 3) Sycamore Island, and 4) Kyle’s Ford and Sycamore Island combined.  The range of 
MEANU values considered suitable and source reaches from which criteria were developed are 
presented in Table 3.1.  The values are the number of suitable and unsuitable quadrats that were 
occupied and unoccupied.  The t-statistic presented was calculated for the one-sided chi-square test of 
the null hypothesis that suitable quadrats and occupied quadrats were negatively or not associated. A 
value greater than 1.6449 rejects the null hypothesis at α = 0.05 (rejection is denoted by an *).



 

Table 3.6.   Results of one-sided Chi-square tests of transferability for optimal MEANU criteria 
to data collected in destination reaches.  Destination reaches include: 1) Artrip and 698 Island 
combined, 2) Kyle’s Ford, 3) Sycamore Island, and 4) Kyle’s Ford and Sycamore Island 
combined.  The range of MEANU values considered optimal and source reaches from which 
criteria were developed are presented in Table 3.1.  The values are the number of optimal and 
usable quadrats that  were occupied and unoccupied.  The t-statistic presented was calculated for 
the one-sided chi-square test of the null hypothesis that optimal quadrats and occupied quadrats 
were negatively or not associated. A value greater than 1.6449 rejects the null hypothesis at α = 
0.05 (rejection is denoted by an *). 

 

 

    Optimal Usable  
  Destination Occupied Unoccupied Occupied Unoccupied T 
Species        
A. ligamentina 3 7 108 3 37  -0.31 
A. pectorosa 1 22 46 29 157   2.95* 
A. pectorosa 2 51 46 18 73   4.66* 
A. pectorosa 3 10 25 16 102   2.08* 
E. dilatata 1 16 192 9 110   0.04 
E. dilatata 4 18 221 13 156  -0.06* 
L. fasciola 1 21 89 13 131   2.33* 
L. fasciola 4 17 117 5 141   1.98* 
M. conradicus 1 21 47 18 83   1.97* 
M. conradicus 2 56 41 20 31   2.14* 
M. conradicus 3 15 20 17 74   2.79* 
P. fasciolaris 4 18 190 20 94  -2.36 
P. subtentum 4 55 64 26 59   2.25* 
        
Guilds       
Fast-flow specialists 3 16 35 7 95   4.00* 
Fast-flow generalists 1 37 31 49 178   5.22* 
Fast-flow generalists 2 70 27 39 80   5.76* 
Fast-flow generalists 3 20 15 23 93   4.29* 
Slow-flow tolerant 1 39 169 13 98   1.62 
Slow-flow tolerant 2 56 53 77 47  -1.65 
Slow-flow tolerant 3 22 83 15 35  -1.24 
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 Table 3.7.   Results of one-sided Chi-square tests of transferability for suitable EMB criteria to data 
collected in destination reaches.  Destination reaches include: 1) Artrip and 698 Island combined, 2) 
Kyle’s Ford, 3) Sycamore Island, and 4) Kyle’s Ford and Sycamore Island combined.  The range of 
EMB values considered suitable and source reaches from which criteria were developed are presented 
in Table 3.1.  The values are the number of suitable and unsuitable quadrats that were occupied and 
unoccupied.  The t-statistic presented was calculated for the one-sided chi-square test of the null 
hypothesis that suitable quadrats and occupied quadrats were negatively or not associated. A value 
greater than 1.6449 rejects the null hypothesis at α = 0.05 (rejection is denoted by an *).

    Suitable Unsuitable  
  Destination Occupied Unoccupied Occupied Unoccupied T 
Species        
A. ligamentina 3 No unsuitable range  
A. pectorosa 1 49 247 1 71   3.37* 
A. pectorosa 2 70 133 4 53   4.06* 
A. pectorosa 3 26 123 1 40   2.44* 
E. dilatata 1 No unsuitable range 
E. dilatata 4 No unsuitable range 
L. fasciola 1 No unsuitable range 
L. fasciola 4 No unsuitable range 
M. conradicus 1 41 260 0 72   3.32* 
M. conradicus 2 99 104 4 53   5.69* 
M. conradicus 3 36 117 0 41   3.44* 
P. fasciolaris 4 43 309 2 96   2.97* 
P. subtentum 4 93 259 2 96   5.23* 
        
Guilds       
Fast-flow specialists 3 21 128 1 40   2.07* 
Fast-flow generalists 1 217 84 1 71   10.9* 
Fast-flow generalists 2 117 86 6 51   6.29* 
Fast-flow generalists 3 48 101 1 40   3.86* 
Slow-flow tolerant 1 No unsuitable range  
Slow-flow tolerant 2 No unsuitable range  
Slow-flow tolerant 3 No unsuitable range  
           



 

Table 3.8.   Results of one-sided Chi-square tests of transferability for optimal EMB criteria to data 
collected in destination reaches.  Destination reaches include: 1) Artrip and 698 Island combined, 2) 
Kyle’s Ford, 3) Sycamore Island, and 4) Kyle’s Ford and Sycamore Island combined.  The range of 
EMB values considered optimal and source reaches from which criteria were developed are 
presented in Table 3.1.  The values are the number of optimal and usable quadrats that  were 
occupied and unoccupied.  The t-statistic presented was calculated for the one-sided chi-square test 
of the null hypothesis that optimal quadrats and occupied quadrats were negatively or not 
associated. A value greater than 1.6449 rejects the null hypothesis at α = 0.05 (rejection is denoted 
by an *). 

 

    Optimal Usable  
  Destination Occupied Unoccupied Occupied Unoccupied T 
Species        
A. ligamentina 3 12 103 4 71   1.24 
A. pectorosa 1 34 84 15 163   4.62* 
A. pectorosa 2 32 39 38 94   2.33* 
A. pectorosa 3 17 38 9 85   3.31* 
E. dilatata 1 25 192 5 151   2.91* 
E. dilatata 4 17 240 15 178  -0.47 
L. fasciola 1 28 189 9 147   2.27* 
L. fasciola 4 18 239 7 186   1.55 
M. conradicus 1 28 95 13 165   3.84* 
M. conradicus 2 41 30 58 74   1.88* 
M. conradicus 3 18 37 18 76   1.87* 
P. fasciolaris 4 34 223 9 86   0.96 
P. subtentum 4 87 170 6 89   5.20* 
        
Guilds       
Fast-flow specialists 3 20 96 1 32   2.07* 
Fast-flow generalists 1 81 13 136 71   3.67* 
Fast-flow generalists 2 96 46 21 40   4.39* 
Fast-flow generalists 3 42 73 6 28   2.07* 
Slow-flow tolerant 1 55 162 9 147   4.95* 
Slow-flow tolerant 2 73 69 42 76   2.56* 
Slow-flow tolerant 3 32 83 15 60   1.22 
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 Table 3.9.   Results of one-sided Chi-square tests of transferability for all suitable criteria (composite 
scores of FST, MEANU, and EMB) to data collected in destination reaches.  Destination reaches 
include: 1) Artrip and 698 Island combined, 2) Kyle’s Ford, 3) Sycamore Island, and 4) Kyle’s Ford 
and Sycamore Island combined.  Ranges for suitable criteria and source reaches are presented in Table 
3.1.  The values are the number of suitable and unsuitable quadrats that were occupied and unoccupied.  
The t-statistic presented was calculated for the one-sided chi-square test of the null hypothesis that 
suitable quadrats and occupied quadrats were negatively or not associated. A value greater than 1.6449 
rejects the null hypothesis at α = 0.05 (rejection is denoted by an *).

    Suitable Unsuitable  
  Destination Occupied Unoccupied Occupied Unoccupied T 
Species        
A. ligamentina 3 9 130 7 44  -1.59 
A. pectorosa 1 45 129 10 189   5.66* 
A. pectorosa 2 65 86 9 100   6.13* 
A. pectorosa 3 25 94 1 69   3.77* 
E. dilatata 1 23 296 7 47  -1.44 
E. dilatata 4 31 371 1 47   1.43 
L. fasciola 1 34 204 3 132   3.75* 
L. fasciola 4 22 310 3 115   1.66* 
M. conradicus 1 34 96 7 236   6.85* 
M. conradicus 2 70 58 33 99   4.89* 
M. conradicus 3 29 57 7 97   4.73* 
P. fasciolaris 4 31 230 14 175   1.56 
P. subtentum 4 77 11 18 244   8.74* 
        
Guilds       
Fast-flow specialists 3 20 74 3 93   3.84* 
Fast-flow generalists 1 82 167 13 111   4.69* 
Fast-flow generalists 2 101 66 22 71   5.70* 
Fast-flow generalists 3 40 89 9 52   2.39* 
Slow-flow tolerant 1 50 262 14 47  -1.31 
Slow-flow tolerant 2 109 123 6 22   2.57* 
Slow-flow tolerant 3 35 118 12 25  -1.21 
           



 

Table 3.10.   Results of one-sided Chi-square tests of transferability for all optimal criteria 
(composite scores of FST, MEANU, and EMB) to data collected in destination reaches.  Destination 
reaches include: 1) Artrip and 698 Island combined, 2) Kyle’s Ford, 3) Sycamore Island, and 4) 
Kyle’s Ford and Sycamore Island combined.  Ranges for optimal criteria and source reaches are 
presented in Table 3.1.  The values are the number of optimal and usable quadrats that were 
occupied and unoccupied.  The t-statistic presented was calculated for the one-sided chi-square test 
of the null hypothesis that optimal quadrats and occupied quadrats were negatively or not 
associated. A value greater than 1.6449 rejects the null hypothesis at α = 0.05 (rejection is denoted 
by an *). 

    Optimal Usable  
  Destination Occupied Unoccupied Occupied Unoccupied T 
Species        
A. ligamentina 3 5 58 9 130   0.64 
A. pectorosa 1 18 27 30 99   2.16* 
A. pectorosa 2 23 19 42 67   1.80* 
A. pectorosa 3 4 13 21 81   0.28 
E. dilatata 1 11 105 12 191   1.19 
E. dilatata 4 7 102 24 269  -0.59 
L. fasciola 1 17 73 17 131   1.58 
L. fasciola 4 15 139 7 171   2.12* 
M. conradicus 1 15 23 19 73   2.22* 
M. conradicus 2 26 10 44 48   2.49* 
M. conradicus 3 29 57 7 97   4.75* 
P. fasciolaris 4 10 106 21 124  -1.45 
P. subtentum 4 49 55 28 56   1.91* 
        
Guilds       
Fast-flow specialists 3 14 29 6 45   2.45* 
Fast-flow generalists 1 35 47 25 142   4.81* 
Fast-flow generalists 2 60 15 41 51   4.66* 
Fast-flow generalists 3 15 11 25 78   3.29* 
Slow-flow tolerant 1 30 111 20 151   2.30* 
Slow-flow tolerant 2 36 37 73 86   0.48 
Slow-flow tolerant 3 35 118 12 25  -1.21 
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CHAPTER 4:  USE OF MUSSEL BEHAVIOR AND PHYSIOLOGICAL 
RESPONSE TO ELUCIDATE HABITAT PREFERENCES 

 

ABSTRACT 

Behavior and physiological responses to manipulation of flow velocity and substrate were 

used to elucidate microhabitat preferences and tolerances of Actinonaias pectorosa, Potamilus 

alatus, and Ptychobranchus subtentum.  These species were exposed to three flow velocity 

treatments: fast (> 1.00m/s), moderate (0.25 – 0.35 m/s), and slow (0.01m/s).  Each demonstrated 

higher oxygen consumption and oxygen-to-nitrogen (O:N) ratios in fast flow treatments than in the 

moderate and slow flow treatments.  Lower O:N ratios have been observed in bivalves when they 

are exposed to endogenous and exogenous stressors.  Only P. alatus demonstrated a preference for 

substrate particle size, consistently selecting finer over coarser particle sizes.  Actinonaias pectorosa 

and P. subtentum demonstrated preference for fast-flow microhabitats by readily burrowing in those 

conditions, while abandoning slow-flow conditions.  The lack of preference for substrate particle 

size demonstrated by A. pectorosa and P. subtentum supports conclusions of previous studies that 

substrate particle size is of little or secondary importance for explaining mussel microhabitat use.    

 

INTRODUCTION 

 
The ultimate goal of managing habitat for mussels in TVA tailwaters is to create 

reproductively viable populations.  Before this goal can be accomplished, suitable flow and 

substrate conditions must be identified.  Observations of mussel behavior under controlled, 

manipulative experiments may elucidate flow and substrate requirements, but an understanding of 

physiological mechanisms underlying distribution is also necessary.  Previous studies have noted 
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that mussels can occupy a broad range of microhabitats, but grow faster in optimal flow and 

substrate conditions (Kat 1982, Bailey and Green 1988).  The purpose of this study was to 1) 

compare oxygen consumption and nitrogen excretion of mussels exposed to the range of velocities 

observed during low flow conditions in the Clinch River, and 2) determine preferred substrate and 

flow conditions by observing mobility and burrowing behavior.   

Most physiological studies used to gauge health or reproductive potential of mussels and 

other bivalves, such as condition index, biochemical composition, and assessment of gametogensis, 

require sacrifice of specimens.   However, because the highest priority of conservation is 

preservation of endangered and threatened species, non-lethal procedures are desired.  Oxygen 

consumption is a non-lethal measure of metabolic activity that has been used successfully to 

evaluate how freshwater mussels react to stress-inducing treatments (Hiestand 1937, Hiestand and 

Hale 1937, Naimo et al. 1992, Baker and Hornbach 1997, Myers-Kinze 1999, Payne and Miller 

1999,Chen et al. 2001a, Chen et al. 2001b).  Oxygen consumption can be compared to nitrogen 

excretion through calculation of the oxygen-nitrogen ratio (O:N).  This ratio has been used to 

demonstrate short-term changes in physiological health of unionids exposed to heavy metals 

(Naimo et al. 1992), infested by zebra mussels (Dreissena polymorpha) (Baker and Hornbach 

1997), as a means to compare response to flows that mimic barge traffic (Payne and Miller 1999), 

and to understand seasonal shifts in catabolism (Baker and Hornbach 2001).  This metric also has 

been used extensively in the study of marine bivalve physiology to evaluate the effects of seston 

concentrations, seasonal variation, and temperature (Bayne 1973, Widdow 1978, Bayne and Newell 

1983, Hatcher et al. 1997, Temblay et al. 1998, Pilditch and Grant 1999), Arifin and Bendell-Young 

2001, Huang and Newell 2002, Gao et al. 2002).  Nitrogen excretion, measured as ammonia, 

increases when an animal catabolizes endogenous protein to maintain metabolic functions.  

Brockington (2001) found a consistent negative relationship between O:N ratio and muscle tissue 
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content in the marine bivalve (Laternula elliptica).  Ammonia excretion can account for up to 90% 

of total nitrogen losses in bivalves (Bayne and Newell 1983).  Though protein is considered an 

energy store, its use by an animal represents an important shift from catabolism, fueled primarily by 

carbohydrate and lipid sources, to catabolism of tissue leading to organ degradation.  Typically a 

O:N ratio lower than 25 – 30 indicates a major shift to endogenous protein catabolism (Widdows 

1978).  The shift in catabolism demonstrated by lower O:N values reflect unfavorable 

environmental conditions, such as desiccation and exposure to extreme temperatures, and also 

endogenous processes which require large energy expenditures such as gametogenesis (Trembly et 

al 1998, Gao et al. 2002).  This shift also precedes mortality (Trembly et al 1998, Gao et al. 2002).   

Such endogenous and exogenous conditions are often referred to as stress.  The O:N ratio is a better 

index of stress than either oxygen consumption or nitrogen excretion alone because it provides an 

index of the balance between carbohydrate and protein catabolism (Baker and Hornbach 1997).  

The O:N ratio is also dimensionless, thus allowing comparison among species.   

The use of behavioral observations is common to elucidate adult mussel microhabitat 

preferences (Huehner 1987, Bailey 1989, Michaelson and Neves 1995, Downing et al. 2000) and 

has been used traditionally with benthic macroinvertebrates to understand how biotic and abiotic 

components of habitat affect distribution (Peckarsky 1983).  However, there are important 

limitations to this approach.  An adult mussel may move toward or away from a given velocity or 

select a substrate type in the course of a few days, but adults can also persist in unsuitable 

conditions for months or even years (Layzer and Madison 1995, Heinricher and Layzer 1999).  

Short-term behavior may not reflect long-term needs for reproduction.  Many controlled behavioral 

studies have produced results contrasting in situ observations (Downing et al. 2000).  Processes that 

are unlikely to be mimicked in laboratory situations, such a flow regime or habitat use by host 

fishes, may be those that ultimately regulate distribution.  
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Lacousriere (1992) observed the behavior of black fly larvae (Simulium vittatum) in 

simulated flow environments to determine how shear stress affected distribution.  For this species 

and other mobile macroinvertebrates, behavior is an adequate dependent variable because 

individuals can actively pursue a desired microhabitat, using sensory organs to guide selection.  

However, Layzer and Madison (1995) concluded that mussels have no adaptation to track flow 

variation and move only in response to extreme changes in flow or to prevent desiccation.  In fact, 

movement under extreme situations appears to be random (Layzer and Madison 1995).  These 

authors postulated that expense in energy and time would outweigh the benefits of moving in 

response to changing hydraulic conditions.  Thus, an individual is more likely to bide its time in 

unfavorable conditions, waiting for suitable conditions to return.  This conclusion could in part 

explain why many mussels appear to have wide tolerances for microhabitat conditions and 

seemingly ambiguous distributions at smaller scales.  It may also explain why functionally dead 

assemblages persist in tailwaters of dams.   

An ideal range of flow for a mussel must provide adequate amounts of food and oxygen 

without dislodging an individual.  Several studies have sought to understand how flow affects a 

bivalve’s ability to feed and therefore maintain metabolic activity and grow (Kirby-Smith 1972, 

Wildish and Kristmanson 1984, Payne and Miller 1987, Cahalan et al. 1989, Wildish and Miyares 

1990, Grizzle et al. 1992).  Marine bivalve beds can deplete food sources in the benthic boundary 

layer in a short amount of time; thus, flow must adequately replenish this resource (Wildish and 

Kristmanson 1984).  On the other extreme, high velocities are thought to impair the functional use 

of siphons.   Wildish and Saulnier (1993) suggested that pressure differentials between inhalant and 

exhalant siphons in high flow velocities can overwhelm the ability of a bivalve to properly pump 

water.  Other studies have attempted to understand how the nature of flow dictates a bivalve’s 

ability to establish and maintain its position in a given location without being swept downstream 
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(McBride et al. 2003).  Hardison and Layzer (2001) speculated that distribution and density is 

highly dependent on a juvenile’s ability to maintain position in flow and substrate conditions. 

The purpose of this study was to quantify physiological and behavioral responses of the 

pheasantshell (Actinonaias pectorosa), pink heelsplitter (Potamilus alatus), and fluted kidneyshell 

(Ptychobranchus subtentum) to flow and substrate treatments in two independent experiments.  

These species were assumed to represent a range and degree of preference for microhabitats in the 

Clinch River.  Actinonaias pectorosa was considered a microhabitat generalist, while P. alatus and 

P. subtentum were considered to have narrower but opposing ranges of preference.  Potamilus 

alatus was assumed to prefer smaller substrate particle sizes and slower flow conditions found in 

pools, while P. subtentum was assumed to prefer coarser particle sizes and faster flows associated 

with riffles.  Both experiments were conducted in recirculating systems where flow (described by 

velocity) and substrate conditions replicated conditions measured in the upper Clinch River, 

Virginia.  Experiment A tested the following null hypothesis: 

 

 

Ho:  There is no difference in respiration, ammonia excretion, or O:N ratio of mussels among velocity treatments. 
HA:  Respiration, ammonia excretion, and O:N ratio vary among treatments. 

 
The second experiment (B) used mussel behavior as a dependent variable to test these hypotheses: 

Ho:  An equal number of individuals selected substrate particle size x as selected substrate particle size y.   
HA:  A greater or lesser number of individuals selected substrate particle size x as selected substrate particle size y.   

Ho:  An equal number of individuals will move from initial placement in fast current velocity as those placed in slow 
current velocity. 
HA:  Fewer individuals will move from initial placement in fast current velocity than those placed in slow current 
velocity. 

 
The latter hypothesis was proposed after field observations indicated that both A. pectorosa and P. 

subtentum were more likely to be found in fast-flow microhabitats.  This hypothesis tested whether 

these species demonstrated a behavioral preference for greater velocity.  
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METHODS 

Study population 

Substrate and water from the upper Clinch River was used to minimize baseline 

physiological stress caused by mussels acclimating to a new environment.  Actinonaias pectorosa 

and P. subtentum were collected from a densely populated assemblage in the Clinch River below 

Artrip, Virginia.  All P. alatus used in experiment A and most used in experiment B were collected 

from the impounded lower Duck River (Kentucky Lake) by Don Hubbs, Tennessee Wildlife 

Resources Agency, because initial surveys yielded limited numbers of P. alatus in the Clinch River.  

Individuals were used only once to ensure that each was an independent replicate. 

To block for changes over time, physiology experiment A was conducted during a relatively 

brief period (1 June – 1 September, 2004).  To minimize effects of size and sexual maturity, 

individuals of similar size (A. pectorosa: 66.5 ± 13.3 SE; P. alatus: 129.4 ± 4.6 SE; P. subtentum: 

68.8g ± 7.5 SE) and age (> 6 annuli) were collected to accommodate the volume of the respiration 

chamber (750 ml).  A wider range of sizes was accepted for behavior experiment B.  Because A. 

pectorosa and P. subtentum do not have sexually dimorphic shells, gender was not controlled.     

 

Design and operation of recirculating systems 

Four independent recirculating systems (two per stand) were constructed at The Nature 

Conservancy (TNC) laboratory on the banks of the Clinch River, near Cleveland, Virginia (Fig. 

4.1).  Systems used water drawn from this river location where a well-established and diverse 

mussel assemblage resides.  Water in each system was completely exchanged at the beginning and 

midway through a treatment to maintain adequate levels of food.  Electromagnetic pumps 

maintained flows in each flume basin, drawing from reservoirs containing approximately 0.25 m3 of 

water.  Water depth was constant throughout the flume basin and was maintained at 25 cm above 
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the 10 cm layer of substrate by an exit pipe that replenished the reservoir.  Flume volume including 

substrate was approximately 0.28 m3. 

 

Experiment A: Physiological response to velocity treatments 

Three velocity treatments (fast: > 1.00 m/s, moderate: 0.25 – 0.35 m/s, slow: 0.01 m/s) were 

replicated once each week.  Treatments were assigned to systems following a Latin Square design.  

Mixed sand and gravel substrate 10 cm in depth remained constant among flume basins and 

treatments for the duration of this experiment.  In each treatment, an individual of one or two 

species was placed between two plastic flow constrictors in line below the flow source.  Actinonaias 

pectorosa and P. subtentum were combined together in treatments, and P. alatus was tested 

separately.  All P. subtentum and most A. pectorosa were returned to the collection site.  Mussels 

were placed in substrate with dorsal side towards the flow source, exposing only a small portion of 

their posterior above the substrate.  Each replicate lasted 7 d, during which individuals were 

exposed to a constant velocity and monitored daily.  Water temperature in flumes was maintained at 

ambient room temperature (thermostat-controlled air conditioner) and ranged between 20o C and 22o 

C.   

Power failures at the TNC lab and flooding affected the schedule of treatments and resulted 

in an incomplete Latin Square design.  Excess sediment load associated with flooding and 

interruptions in flow treatments from power failure may have affected some replicates.  Therefore to 

avoid spurious variation, these results were not included in the analysis.  Initial measurements were 

used to identify mussels that actively respired and to determine whether variation among weeks 

might confound final results.  All mussels, except P. alatus from the Duck River, were collected 

within 24 hr of treatment.  Specimens of P. alatus were held in a conditioning flume under 
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moderate to low velocity (0.01 – 0.20 m/s) until used in the experiment.  Water in the conditioning 

flume was completely exchanged at least every 3 d.       

Respiration of each individual was recorded for a minimum of 20 min, but in some cases up 

to 1 hr in a Strathkelvin RC400 Respiration Chamber monitored via Strathkelvin SI782 Dissolved 

Oxygen Meter and software (Strathkelvin Instruments Ltd., Glasgow, Scotland). Extended 

recording time was necessary when mussels did not open their apertures immediately.  This 

phenomenon was not related to treatment.  Water in each chamber originated from the same system 

as the individual being monitored.  During measurement, chambers were placed in a modified water 

bath to maintain temperature at 21o C.  Samples of background water from systems and water in 

chambers following respiration measurements were frozen at the TNC lab and analyzed at Virginia 

Tech for nitrogen in the form of ammonia concentration (N-NH3), using a standard phenol ammonia 

procedure (Solórzano 1969, Gibb 2000).  Rates were standardized by volume of water displaced by 

individuals and wet weight of specimens.  Atomic ratios of O:N were calculated from oxygen 

consumption rates and nitrogen excretion rates.   

Measurements prior to treatment demonstrated that considerable variation by week could 

affect results; therefore, treatments were blocked by week for statistical analysis.  Variation by 

system was not considered important; therefore, this effect was not blocked.  Because 

measurements were not normally distributed, multi-response permutation procedure (MRPP) tests, 

blocked by week, were used for statistical analysis.  When a significant difference was observed 

among treatments (α < 0.05), pairwise MRPP tests were conducted.  A protected α-level was used 

for the pairwise test (α/k = 0.17).  MRPP tests were run using BLOSSOM (Cade and Richards 

2001).   
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Experiment B: Behavioral response to simulated velocity and substrate conditions 

For each substrate selection test, the flume basin was divided down the center between two 

particle size categories.  Uniform low flow (0.01 - 0.05 m/s) was maintained throughout the flume 

basin.  Particle size categories reflected available substrates in mesohabitats where these species 

occur.  According to the modified Wentworth scale, they can be substrate particle size categories 

classified as silt/mud, sand, small gravel, or cobble (Gordon et al. 2004).  Categories were fairly 

uniform (low sorting index values, Gordon et al. 2004) and are presented in Table 4.1.  Individuals 

were initially placed on their side with the anterior-posterior axis perpendicular to the line of 

demarcation between the two particle size categories.    

Initial observations demonstrated that P. alatus moved within the first few days and then 

remained in position for up to 3 wk.  Location was determined after 7 d, and behavior was classified 

into three categories: selection of substrate a, selection of substrate b, or no selection.  Number of 

individuals used per species varied among replicates and tests because (except for P. alatus) only 

individuals collected within 24 hr of the test were used.  High flow conditions and poor water 

clarity often complicated or prevented collection of specimens.  Replicates for all substrate tests 

were combined and tested for deviation from random.  The ‘no selection’ category was excluded 

from analysis.  All substrate tests were conducted in the same system, and the null hypothesis of 

random distribution was tested with the Chi-Square goodness-of-fit test.   

Three types of substrate tests were completed for A. pectorosa and P. subtentum: gravel vs. 

sand, cobble vs. sand, and cobble vs. gravel.  These particle sizes were chosen because they were 

common in riffles and runs where these species were encountered, whereas silt and smaller particle 

sizes were rare.  Each replicated test used at least 6 individuals. Three types of substrate tests were 

completed for P. alatus: cobble vs. gravel, gravel vs. sand, and sand vs. silt (Table 4.5).  These 

particle sizes were chosen because they were common in pool and slow runs where this species 
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typically resides.  At least 6 individuals were used in each test.  Each test for gravel vs. sand and 

sand vs. silt was considered individually and tested for deviation from random.   Gravel vs. cobble 

was excluded because the test was only replicated once. 

A variety of flow conditions was created in the flume basin corresponding with distance and 

direction from the source.  These conditions were grouped into two equal patches: one replicated 

velocity and FST observed in riffles and faster runs (U > 0.10m/sand, FST > 4), while the other 

replicated flow in slow runs and pool mesohabitats (U < 0.10m/s, FST = 0).  Substrate in both 

patches was a 10 cm deep mixture of cobble, gravel, and sand similar to that used in Experiment A.  

Three flume basins arranged in an identical configuration were used for this experiment.  In a flume 

basin, an equal number of individuals was placed in each patch.  Tests ran for 8 d in October 2004.  

Locations of individuals at the end of treatments were grouped into the following categories:  1) 

start in fast flow and moved; 2) start in fast flow, remained in position 3) start in slow flow and 

moved, 4) start in slow flow, remained in position.  It was assumed that an individual would move if 

initial flow conditions were unsuitable.     

 

RESULTS 

Experiment A: Physiological response to velocity treatment 

Nitrogen excretion in the form of ammonia (N-NH3) was highly variable for all species, 

especially for slow-velocity treatments.  Nitrogen excretion rates for A. pectorosa ranged from 0.10 

to 0.43 µg . g-1. h-1, P. alatus from 0.10 to 1.95 µg . g-1. h-1, and P. subtentum from 0.10 to 3.34 µg . g-

1. h-1.  Mean excretion values in fast-velocity treatments were often lower than the other two 

treatments; however, no significant differences among treatments were observed (Table 4.2).   

 140



 

Oxygen consumption (O2) was less variable within treatments and differed significantly 

among treatments for all species (Table 4.2).  Fast-velocity treatments consistently had higher 

values.  Oxygen consumption for A. pectorosa was different among treatments (MRPP, p = 0.024), 

with fast-velocity significantly higher than slow velocities.  Oxygen consumption for P. alatus was 

significantly different among treatments (MRPP, p = 0.006), with fast-velocity significantly higher 

than slow-velocity.  A different trend was evident for oxygen consumption of P. subtentum.  

Overall treatments varied significantly (MRPP, p = 0.036); however, fast-velocity was significantly 

higher than moderate-velocity but not higher than slow-velocity.     

The O:N ratio was significantly different among treatments for A. pectorosa (MRPP, p = 

0.005), P. alatus (MRPP, p = 0.001) and P. subtentum (MRPP, p = 0.015), with highest values 

observed in the fast-velocity treatment (Table 4.2). 

 

Experiment B: Behavioral response to simulated velocity and substrate conditions 

No significant patterns occurred for substrate particle size selection by A. pectorosa (Table 

4.5; χ2 = 1.64; df = 4; p = 0.80) or P. subtentum (Table 4.4; χ2 = 2.72; df = 4; p = 0.60).  However, 

significant patterns were observed for substrate particle size selection by P. alatus, demonstrating 

preference for finer particle sizes (Table, 4.5; χ2 = 26.07; df = 8; p = 0.001).  Gravel vs. cobble was 

excluded because the test was only replicated once. 

Individuals of A. pectorosa and P. subtentum initially placed in fast-flow did not move 

(Table 4.6).  Most individuals of P. subtentum initially placed in slow-flow moved; of those, 7 

moved into fast flow.  Five A. pectorosa moved when placed in slow flow, but only 2 moved into 

fast flow.    
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DISCUSSION 

Behavioral and physiological responses of A. pectorosa, P. alatus, and P. subtentum were 

associated with changes in the character of flow and substrate.  For all species, oxygen consumption 

and O:N ratio was highest in the fast-velocity treatment.  A contrasting trend was observed for 

nitrogen excretion, but it was not statistically significant.  Potamilus alatus demonstrated a 

preference for finer substrate particle sizes over coarser, while A. pectorosa and P. subtentum did 

not demonstrate preference for any substrate type.  Actinonaias pectorosa and P. subtentum 

preferred to burrow in patches where flow was fastest.  Ptychobranchus subtentum, and to a lesser 

degree A. pectorosa, were more likely to move when deposited in patches where flow was slow.  

These observations can be used to draw inferences about preferred microhabitats and postulate 

mechanisms influencing distribution.   

Lower O:N ratios may indicate stress in mussels exposed to slower water velocity.  There is 

a growing body of evidence that links low O:N ratios to poor condition index and other physiologic 

metrics associated with declining health, condition, and stress in bivalves (Widdows 1978, Hatcher 

and Schofield 1997, Tremblay et al. 1998, Brockington 2001).  Shifts in catabolic portioning, such 

as decreasing oxygen consumption to nitrogen excretion, are common in bivalves when energy 

expenditure exceeds energy intake (Bayne 1973, Bayne and Newell 1983).  Conditions know to 

cause stress in bivalves include gametogensis and unfavorable environmental conditions, such as 

exposure to extreme temperatures and desiccation.  These stressors can cause low O:N ratios in 

bivalves and eventually death.   

In recirculating systems, lower oxygen levels accompanied slower water velocities.  Some 

mussels, most notably those found in lotic habitats, can conform their oxygen consumption to lower 

oxygen levels by lowering consumption rates (Chen et al. 2001a).  This would explain a decrease in 
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O:N ratio, regardless of nitrogen excretion.  Decreased oxygen consumption and O:N rates may 

represent adjustment to new conditions and not necessarily stress.   

Mussels may also compensate for less oxygen and also less food associated with slower 

velocities by more actively pumping water through apertures, thereby expending more energy.  In 

slow-velocity treatments algae and suspended particles may have settled to the bottom or in other 

parts of the system that were inaccessible to mussels.  Whether energy expended by freshwater 

mussels outweighs the benefit of obtaining more food, and whether these behaviors lead to 

starvation within the time period of these experiment, remain to be investigated.  

Similar responses among species were unexpected because A. pectorosa, P. alatus, and P. 

subtentum are typically associated with different mesohabitat types and flow conditions.  Potamilus 

alatus typically inhabits slower-flow habitats such as pools and runs in rivers.  Individuals used in 

this experiment were collected from an impounded section of the Duck River.  If physiological 

needs related to flow velocity, as indicated by the O:N ratio, were the primarily factors affecting 

habitat use, I would have expected this species to show no difference among treatments or a lower 

O:N rate in the fast-velocity treatment.  At the other extreme, P. subtentum is associated with faster 

flowing habitats such as glides, riffles, and shoals in the Clinch River.  Actinonaias pectorosa most 

often occurs these habitats as well, but appears to have a wider tolerance of flow conditions 

(Chapter 2).  Higher O:N ratios for A. pectorosa and P. subtentum in fast-velocity treatments agree 

with the conclusions of Chapter 2; namely,  that these species are more likely to occur in 

microhabitats characterized by higher velocities.  

Behavioral experiments support three of the conclusions in Chapter 2.  First, substrate 

particle size is of secondary importance for explaining microhabitat use by A. pectorosa and P. 

subtentum.  Second, P. subtentum inhabits microhabitats with faster flows and greater shear stress, 

whereas A. pectorosa tolerates a wider range of flow velocities.  Ptychobranchus subtentum 
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demonstrated a behavioral preference for faster flows, or at least an avoidance response to 

unfavorable flow velocities by emigrating from pool-like flows.  In contrast, A. pectorosa appears to 

be more likely to remain in slower flow.  Previous analysis demonstrated that P. subtentum was 

associated with the fastest flow, while A. pectorosa occupied a wider range of flow conditions.  

Third, P. alatus occurred in slower flows where silt and finer particle sizes had collected.  

Additionally, specimens of P. alatus used in this experiment were collected from similar 

microhabitat conditions in Tennessee.   

There are negative consequences for mussels occupying pool and run habitats characterized 

by fine particles sizes and slower flow.  Slower flows provide less oxygen and potentially less food.  

Kat (1982) found that mussel growth was significantly slower in mussels placed in the smallest 

substrate (mud) available in a small stream and concluded that sediment in muddy substrates 

decreased the efficiency of filtration, and the loose structure of mud required constant repositioning.  

Sand and silt substrates are typically unconsolidated.  These particles have potential to shift during 

spates and can displace and then bury mussels with a thick layer of substrate.  However, P. alatus 

may be well adapted to deal with this latter consequence.  Tevesz and McCall (1979) reported that 

freshwater mussels could easily readjust when buried by a heavy sediments load (10 cm silt layer).  

Potamilus alatus may also have specific conchological adaptations that allow it to persist in 

microhabitats where smaller particles collect when other species may perish.  The thinner shells of 

P. alatus may be an adaptation to finer substrate particle sizes, preventing them from sinking in silt 

and mud (Watters 1994).  Potamilus alatus has another feature common to species that occupy soft 

substrates; it has a symphonote shell that is laterally flattened, with a thin wing (alae) that extends 

from the dorsal margin (Watters 1994).  Watters (1994) speculated that this shape can act as a 

“snowshoe” on soft substrates and also can hold the mussel near the substrate to facilitate burrowing 

under faster flows.   
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The shells of A. pectorosa and P. subtentum also have characteristics that allow them to 

remain in fast flows.  They have thicker shell, which may prevent them from being washed 

downstream when they move or if dislodged.  Ptychobranchus subtentum has a shell with dorsal 

ribbing; this feature may act as an “anti-scouring device by breaking the scouring vortex into 

random currents (Watters 1994).”  This adaptation could explain the association of P. subtentum 

with the faster flows in situ, and also why it is consistently found in these flows even though A. 

pectorosa and P. alatus demonstrate similar responses to flow conditions.    

Many observational studies have demonstrated that substrate is of limited importance or 

inconsequential for explaining mussel distribution in lotic habitats (Leff et al. 1990, Strayer and 

Ralley 1993, Layzer and Madison 1995, Myers-Kinzie 1998, Hardison and Layzer 2001).  Trevesz 

and McCall (1979) even suggest that substrate preference, while important to marine bivalves, may 

not have evolved in freshwater mussels because competition and predation pressure were so 

reduced that selection pressure toward substrate specialization was released.  For example, marine 

predators such as echinoderms, decapod crustaceans and drilling gastropods which prey on adults 

bivalves are rare or absent in freshwater ecosystems.  Substrate particle size may not be a dimension 

of the n-dimensional hypervolume along which freshwater mussels faced competitions in the past.  

Tevesz and McCall (1979) also postulate that the seasonal fluctuations and unpredictability of 

freshwater habitats favor generalists over specialists.  Thus, the lack of behavioral preference by A. 

pectorosa and P. subtentum may demonstrate that substrate type has little influence over 

distribution of these species.   

Even when associations with substrate particle size are observed, they may be artifacts of 

other habitat parameters.  Downing et al. (2000) noted that behavioral preference for substrate 

particle size in controlled laboratory experiments contradicted field observations.  They concluded 

that distribution might be more strongly influenced by factors other than substrate particle size that 
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act at the same or higher spatio-temporal scales.  In fact, there is little consensus over substrate use 

by the same species (Tevesz and McCall 1979).  An alternative hypothesis is that we are measuring 

the wrong attributes of substrate.  When strong preferences are observed in manipulative laboratory 

studies, mussels may sense other factors in experimental settings associated with particle size that 

observers never considered, such as organic content of substrates (Downing et al 2000).  Other 

characteristics may be more important such as stability or embeddedness (Johnson and Brown 2000, 

Chapter 2).    

This study demonstrates that physiological and behavioral responses to manipulation of flow 

and substrate, in addition to field observations, can elucidate preferences and provide insights on 

distribution patterns.  Nevertheless, this approach has shortcomings, such that future work may 

improve methodology and build upon these findings.  Complications with the measurement of 

ammonia, low number of replicates, and difficulty measuring relatively small changes in ammonia 

may mask biologically significant trends.  In test runs, ammonia was measured using an ammonia 

electrode (Orion Model 95-12 and a 290A ph/ISE Meter); however, this probe was not sensitive 

enough to detect the low levels of excretion by these species.  Additionally, its readings shifted 

during calibration and required constant recalibration between measurements.  Other authors have 

used this probe to measure freshwater mussel excretion, but its shortcomings were not stated.  I 

found that standard phenol method (Solórzano 1969) was a more sensitive alternative, although it 

can be susceptible to contamination in the laboratory (see Gibb 2000).   

Additionally, the statistical power to detect differences among treatments for nitrogen 

excretion may have been too low.  Sample size tests, assuming normal distributions, demonstrated 

that at least 12 replicates were needed to detect a difference of 0.2 µg . g-1 . hr-1 among treatments at 

β = 0.90. Further replications may have reduced the effects of variation in nitrogen excretion rate on 

results.   
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The high degree of variability in measurements may also be caused by inconsistent volume 

and wet weight standardization.  Mussels can be over 90% water, and differences in moisture 

content among individuals can be substantial (Henley 2002).  Vaughn et al. (2004) reported r2 

values of 0.569 and 0.525 for wet weight to dry weight regressions.  These estimates do not account 

for the amount of water an individual may sequester when removed from water, in turn affecting 

compensation for volume and weight in final rate calculations.  Mussels removed from water for 

several minutes may still expel water when disturbed (personal observation).  Improvements in 

methodology will facilitate differentiation between physiological adjustment and stress as measured 

by the O:N ratio.  Additional non-invasive metrics, such as grazing rate and other forms of 

excretion, may also expand understanding of physiological behavior under flow conditions.    

Promoting stable fast-flow habitats in lotic systems is important for supporting and re-

establishing populations of A. pectorosa, and especially P. subtentum.  Substrate type as measured 

in this study is of less importance for these species; however, other aspects of substrate related to 

flow regime and bed stability, such as embeddedness and percent bedrock, should be considered 

(Chapter 2).  Managing habitat for P. alatus requires creating microhabitats where flow is reduced 

enough to allow smaller particle sizes to collect.  Additionally, flow conditions must be considered 

for long-term captivity of these species.  Inappropriate flow velocities may have consequences 

when mussels are kept in captivity for propagation, resulting in stress, reduced reproductive 

potential, and ultimately death.  Physiological responses observed in this study also demonstrate the 

need to consider captive holding conditions for other physiological studies, to avoid spurious 

conclusions.  Non-lethal measures of physiological health have demonstrated a potential to evaluate 

treatment effects and have potential for greater application to evaluate health of imperiled mussel 

species.  Further studies following this methodology should include other species, especially those 
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frequently held in captivity for propagation and for which knowledge of suitable habitat is essential 

for long-term survival and viability.     
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Table 4.1.  Diameter of the 16th percentile (D16), median (D50), and 84th percentile (D84) particle size and sorting index (a measure 
of variation) for substrate types use in Experiment B. 

   Substrate characteristics
Substrate Class D16 (mm) D50 (mm) D84 (mm) SORT 
Mud/silt     0.05 0.05 0.05 ---
Sand     

     
     

     

0.5 0.5 0.5 ---
Gravel 28 40 60 1.46
Cobble 75.25 100.5 158.5 1.46
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Table 4.2.  Mean values and standard error (in parenthesis) of nitrogen excretion (N-NH3, µg . g-1. h-1), oxygen consumption (O2, µg . 
g-1. h-1), and O:N atomic ratios for species exposed to fast, moderate, and slow velocity treatments.  Results of multi-response 
permutation procedure (MRPP) tests of the null hypothesis of no difference in nitrogen excretion, oxygen consumption, or O:N ratio 
among treatments are presented.  Tests of the null hypothesis were blocked by week.  Post hoc tests for pairwise differences were 
conduced when comparisonwise p-values were less than 0.05.  Letters shared by treatments demonstrate no significant differences (α 
= 0.017) between pairs.   

        Treatment MRPP
Species Variable     Fast   Moderate     Slow Observations Blocks (weeks) p 
A. pectorosa N-NH3 0.22 (0.07) 0.33 (0.81) 0.26 (0.16) 18 6 0.178 
 O2 13.29 (2.40) a 8.81(1.64) a,b 7.57 (3.63) b 18   

   
    

 N-NH3

O2    
    

   
 

  0.036 
 N a

      

6
 

0.024
 O:N 81.34 (25.23) 34.18 (6.55) a b 36.71 (14.05) b 18 6 0.005
    
P. alatus
 

0.33 (0.10) 0.51 (1.49) 0.57 (0.52) 24 8 0.392 
9.95 (1.58) a 6.56 (2.54) a,b 3.80 (2.18) b 24 8 0.006

 O:N 71.87(12.00) 50.18(5.79) a b 5.93 (2.27) b 24 8 0.001
     
P. subtentum
 

N-NH3 0.23 (0.06) 0.325 (1.17) 0.72 (1.19) 18 6 0.703 
O2 10.96 (2.81) a 3.73 (1.83) b 5.87 (1.94) a,b 18 6
O:  60.57 (21.30) 18.45 (3.75) a 25.95 (12.81) b  

 
18 6 0.015 
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Table 4.3.  Results of substrate tests with A. pectorosa.  Dates indicate start of the 7 d test.  Values in 
selection categories represent the number of individuals in each test that burrowed in a substrate or did 
not select a substrate.   The last grouping is a summary of all above tables used for χ2 goodness-of-fit 
test. 

      
Gravel vs. Sand  Selection   
Date Gravel Sand No selection Total 
7/1/2003 1 4 1 6 
5/6/2004 6 6 0 12 
Total 7 10 1 18 
     
Cobble vs. Gravel  Selection   
Date Cobble Gravel No selection Total 
7/8/2003 3 3 0 6 
5/13/2004 7 5 0 12 
8/8/2004 1 3 2 6 
Total 11 11 2 24 
      
Cobble vs. Sand   Selection   
Date Cobble Sand No selection Total 
7/15/2003 3 3 0 6 
5/20/2004 3 3 0 6 
9/2/2004 2 2 2 6 
9/8/2004 6 0 0 6 
Total 14 8 2 24 
      
Larger vs. Smaller 
Substrate*  Selection   
Treatment Larger Smaller No selection Total 
G vs. S 10 (11) 12 (11) 2 24 
C vs. G 11 (11) 11 (11) 2 24 
C vs. S 14 (11) 8 (11) 2 24 
Total 35 31 6 72 
     
* Expected values for χ2 goodness-of-fit test in parentheses 
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Table 4.4.  Results of substrate tests with P. subtentum.  Dates indicate start of the 7 d test.  Values in 
selection categories represent the number of individuals in each test that burrowed in a substrate or did 
not select a substrate.   The last grouping is a summary of all above tables used for χ2 goodness-of-fit 
test. 

      
Gravel vs. Sand  Selection   
Date Gravel Sand No selection Total 
7/1/2003 0 5 1 6 
5/6/2004 10 2 0 12 
7/25/2004 3 5 0 8 
8/3/2004 2 2 2 6 
Total 15 14 3 32 
      
Cobble vs. Gravel  Selection   
Date Cobble Gravel No selection Total 
7/8/2003 3 3 0 6 
5/13/2004 4 7 1 12 
8/13/04 2 2 2 6 
8/23/04 0 1 5 6 
Total 9 13 8 30 
      
Cobble vs. Sand  Selection   
Date Cobble Sand No selection Total 
7/15/2003 2 1 0 3 
10/12/04 1 0 2 3 
5/20/2004 7 0 0 7 
6/1/2004 4 5 0 9 
9/2/2004 2 3 1 6 
9/8/2004 2 4 0 6 
Total 16 9 3 38 
      
Larger vs. Smaller 
Substrate*  Selection   
Treatment Larger Smaller No selection Total 
G vs. S 15 (14.5) 14 (14.5) 3 32 
C vs. G 9 (11) 13 (11) 8 30 
C vs. S 16 (13.5) 9 (13.5) 3 38 
Total 35 31 14 90 
     
* Expected values for χ2 goodness-of-fit test in parentheses 
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Table 4.5.  Results of substrate tests with P. alatus. Dates indicate start of the 7 d test.  Values in 
selection categories represent the number of individuals in each test that clearly burrowed in a 
substrate or did not select a substrate.   The last grouping is a summary of all above tables used for χ2 

goodness-of-fit test. 

      
Cobble vs. Sand  Selection   
Date Cobble Gravel No selection Total 
8/13/2004 3 2 1 6 
      
Gravel vs. Sand *  Selection   
Date Gravel Sand No selection Total 
9/8/2003 0 (4) 8 (4) 0 8 
10/4/2003 0 (3) 6 (3) 2 8 
10/12/2003 0 (4) 8 (4) 0 8 
Total 0 22 2 24 
      
Sand vs. Silt *  Selection   
Date Sand Silt No selection Total 
10/21/2003 3 (4) 5 (4) 0 8 
10/28/2003 1 (3.5) 6 (3.5) 1 8 
Total 4 11 1 16 
          
* Expected values for χ2 goodness-of-fit test in parentheses 
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Table 4.6.  Starting and ending locations for A. pectorosa and P. subtentum initially placed in fast 
verses slow water velocities.  

    Ending position 
Species Starting position n Moved fast slow 
A. pectorosa fast 13 0 13 0 
  slow 13 5 2 11 
      
P. subtentum fast 12 0 12 0 
 slow 12 10 7 5 
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142 cm 

 
 

Figure 4.1.  Recirculating systems used in both experiments were completely independent.  Each 
system used an electromagnetic pump (a) to maintain flow from the 210 L reservoir (b) to the 280 L 
flume basin in which mussels were held (c).  A drainpipe maintained a constant water depth (25 cm) 
above a 10 cm layer of substrate in the flume basin and over flow refilled the reservoir.  The lower 
figure (d) is a view from above of the flume basin in which flow was constricted and directed for the 
physiological experiment A by 35 x 75 x 0.5 cm plastic boards. 
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APPENDIX A:  MEDIAN AND INTERQUARTILE RANGE OF HABITAT 
PARAMETERS FOR SPECIES OBSERVED IN FEWER THAN 20 QUADRATS 

 
 

(See Chapter 2)
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Table A.1.  Median and inter-quartile range (in parenthesis) of flow parameters observed for quadrats occupied by A. plicata, C. 
tuberculata, F. barnesiana/P. oviforme, F. cor. F. subrotunda, L. ovata, L. costata, L. dolabelloides, P. alatus, Q. c. strigillata, and V. 
iris in upper reaches of the Clinch River.  When n < 5, the full range is presented. 

 
 

Species   
 

D BEDU MEANU SHEARU
 

REN N FST FROUDE RENR (x 102) (x 10-3)(m) (m/s) (m/s) 

A. plicata 2 0 – 2 0.72 - 0.88 0.06 - 0.09 0.16 - 0.30 0.90 - 1.76 0.05 – 0.11 135 – 211 95 - 184 

C. tuberculata 1         

(0.4 58) (0.2 38) 

(18 6) 

(33 3) 

0.57 

      

5 0.42 0.2 0.44 2.88 0.22 183 313

F. barnesiana/  7 0.47 
0 - 0.

0.21 0.58 3.81 0.27 
1 – 0.

268 403 12 P. oviforme (5 - 8) (0.15 - 0.34) (0.45 - 0.71) (2.90 - 4.70) (229 – 310) (322 - 487) 
3 0.72 0.11 0.33 1.96 0.12 211 

3 – 25
216 F. cor 5 (2 - 5) (0.50 - 0.72) (0.10 - 0.20) (0.29 - 0.44) (1.76 - 2.88) (0.11 – 022) (184 - 313) 

8 0.52 0.28 0.67 4.25 0.30 338 
3 – 42

458 F. subrotunda 5 (3 - 9) (0.50 - 0.78) (0.15 - 0.28) (0.37 - 0.86) (2.14 - 5.44) (0.12 – 0.38) (230 - 600) 
9 0.54 0.23 0.58 3.71 0.19 352 387 L. ovata 3 (4 - 11) (0.46 - 1.00) (013 - 0.50) (0.36 - 0.78) (2.03 - 4.86) (0.09 - 0.47) (265 – 418) (221 - 502) 
8 0.48 0.20 0.63 4.49 0.34 298 610 L. costata 6 (6-8) (0.46 – 0.5) (0.18 – 0.30) (0.60 – 0.83) (3.82 – 5.35) (0.28 - 0.40) (288 – 396) (421 – 718) 
5 0.52 0.29 0.51 3.07 0.30 354 327 L. dolabelloides 3 (3 - 9) (0.52 - 0.70) (0.12 - 0.31) (0.2 - 1.05) (1.26 - 6.56) (0.27 – 0.38) (103 – 542) (132 - 671) 

P. alatus 2 0 - 9 0.40 - 0.68 0.15 - 0.31 0.31 - 0.74 1.85 - 4.88 0.12 – 0.37 209 – 294 183 - 538 

4 0.11 0.44 2.74 0.18 266 292 Q. c. strigillata 6 (2 - 6) (0.53 - 0.67) (0.04 - 0.14) (0.28 - 0.53) (1.77 - 3.35) (0.12 – 0.23) (148 – 292) (193 - 369) 
5 0.48 0.16 0.47 3.11 0.24 218 351  V .iris 17 (2 - 7) 

 
(0.40 - 0.62) 

 
(0.12 - 0.27) (0.34 - 0.70) (2.34 - 5.03) (0.15 – 0.31) (181 – 292) (252 - 549) 
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Table A.2.  Median and inter-quartile range (in parenthesis) of substrate parameters observed for quadrats occupied by A. plicata, C. 
tuberculata, F. barnesiana/P. oviforme, F. cor. F. subrotunda, L. ovata, L. costata, L. dolabelloides, P. alatus, Q. c. strigillata, and V. 
iris in upper reaches of the Clinch River.  When n < 5, the full range is presented. 

D16 D84 D50 SMEAN K Species N EMB SORT PBED (x 103) (cm) (cm) (cm) (cm) 

A. plicata 2 3 - 4 0.05 - 12 80 - 81 30 - 40 2.58 - 21.80 42 - 58 0 10.52 – 10.64 

C. tuberculata 1         

0 (0-5) 

120 

        

1 20 85 35 2.1 47 0 10.98

F. barnesiana/  1 12 77 43 2.60 12 P. oviforme (1 - 2) (2 - 31) (45 - 96) (18 - 70) (1.63 - 4.15) 
47 

(27 - 65) 
10.70 

(10.61 - 11.02) 

F. cor 5 3 
(2 - 3) 

12 
(0.5 - 14) 

80 
(73 - 86) 

35 
(30 - 38) 

2.58 
(2.31 - 21.54) 

47 
(42 - 47) 0 (0) 10.99 

(10.99 - 11.11) 

F. subrotunda 5 1 
(1 - 2) 

30 
(26 - 40) (80 - 140) 

60 
(50 - 90) 

1.85 
(1.81 - 2.61) 

85 
(54 - 100) 0 (0) 10.87 

(10.87 - 11.11) 

L. ovata 3 1 
(1 - 2) 

10 
(0.5 - 10) 

50 
(47 - 112) 

30 
(10 - 33) 

2.86 
(2.33 - 34.22) 

32 
(2 - 34) 0 (0) 10.53 

(10.42 - 10.99) 

L. costata 6 1 
(1) 

12.8 
(5 - 15) 

150 
(127 – 157)

60 
(60 – 80) 

3.80 
(2.81 – 3.92) 

86 
(82 – 87) 0 (0) 12.50 

(11.49 – 12.50)  

L. dolabelloides 3 2 
(1 - 3) 

12 
(3 - 34) 

56 
(30 - 200) 

33 
(10 - 100) 

2.47 
(2.21 - 2.48) 

34 
(16 - 112) 0 (0) 10.64 

(10.31 - 10.75) 

P. alatus 2 2 - 4 0.5 - 20 13 - 140 5 - 110 3.39 - 6.30 13 - 85 0 10.00 - 11.11 

Q. c. strigillata 6 2 
(2 - 3) 

5 
(0.5 - 13) 

61 
(31 - 66.4) 

19 
(5 - 66) 

5.26 
(2.33 - 7.72) 

35.75 
(27.65 - 37.36) 0 (0) 11.17 

(11.11 - 11.33) 

V. iris 17 2 
(1 - 2) 

18 
(7 - 30) 

92 
(66 - 107) 

50 
(30 - 70) 

2.70 
(2.01 - 3.49) 

 

63 
(41 - 77) 0 (0) 11.11 

(10.75 - 11.11) 
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Table A.3.  Median and inter-quartile range (in parenthesis) of flow parameters observed for quadrats occupied by A. plicata, C. 
tuberculata, C. monodonta, D. dromas, E. triquetra, F. barnesiana/P. oviforme, F. cor, F. cuneolus, F. subrotunda, H. lata, L. ovata, 
L. costata, L. rimosus, L. recta, P. alatus, Q. c. strigillata, Q. pustulosa and V. iris in lower reaches of the Clinch River.  When n < 5, 
the full range is presented. 

 

Species   
 N FST D 

(m) 
BEDU 
(m/s) 

MEANU 
(m/s) 

SHEARU
 (x 102) FROUDE REN 

(x 10-3) RENR 

A. plicata 9 3 
(1 – 4) 

0.96 
(0.57 – 1.16) 

0.17 
(0.09 – 0.20) 

0.39 
(0.18 – 0.43) 

0.19 
(0.16 – 0.25)

0.20 
(0.16 – 0.25) 

231 
(9 – 396) 

245 
(205 – 302) 

C. stegaria 9 6 
(5 – 10) 

0.70 
(0.58 – 0.88) 

0.34 
(0.06 – 0.45) 

0.76 
(0.49 – 0.88) 

4.55 
(3.03 – 5.42)

0.29 
(0.21 – 0.36) 

363 
(282 – 528) 

476 
(324 –632) 

C. tuberculata 15 4 
(1 – 8) 

0.8 
(0.48 – 1.28) 

0.24 
(0.07 – 0.38) 

0.45 
(0.33 – 0.84) 

2.95 
(2.49 – 5.42)

0.33 
(0.19 – 0.42) 

334 
(14 – 376) 

296 
(253 – 546) 

C. monodonta 2 5 0.56 – 0.60 0.00 – 0.11 0.26 – 0.51 1.70 – 3.18 0.11 – 0.21 144 - 304 244 - 372 

D. dromas 3 11 
(8 – 11) 

0.42 
(0.40 – 0.88) 

0.43 
(0.09 – 0.56) 

0.87 
(0.77 – 1.15) 

5.13 
(4.99 – 7.56)

0.38 
(0.29 – 0.58) 

457 
(321 – 756) 

629 
(516 – 816) 

E. triquetra 1         

         

         

       

8 0.52 0.61 0.68 4.24 0.30 351 430

F. barnesiana/  
P. oviforme 1 0 1.60 0.00 0.20 2.04 0.28 10 246

F. cor 1 5 1.34 0.32 0.44 4.45 0.66 190 465

F. cuneolus 4 5 
(3 – 7) 

0.68 
(0.47 – 0.87) 

0.09 
(0 – 0.22) 

0.42 
(0.30 – 0.52) 

0.49  

2.53 
(1.74 – 3.21)

0.17 
(0.10 – 0.22) 

272 
(178 – 391) 

268 
(187 – 343) 

F. subrotunda 19 8 
(2 – 9) 

0.52 
(0.40 – 0.83) 

0.17 
(0.06 – 0.39) (0.29 – 0.78) 

3.03 
(1.99 – 5.10)

0.33 
(0.17 – 0.36) 

278 
(461 – 381) 

344 
(215 – 579) 

H. lata 5 7 
(6 – 9) 

0.62 
(0.50 – 0.80) 

0.22 
(0.09 – 0.38) 

0.67 
(0.63 – 0.69) 

4.02 
(3.83 – 4.36)

0.26 
(0.24 – 0.32) 

395 
(388 – 467) 

421 
(392 – 510) 

L. ovata 5 6 
(2 – 8) 

 

1.00 
(0.62 – 0.32) 

 

0.17 
(0.17 – 0.38) 

0.45 
(0.35 – 0.50) 

4.43 
(2.30 – 7.05)

0.14 
(0.14 – 0.16) 

300 
(235 – 447) 

264 
(221 – 310) 
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Table A.3 Continued. 

 

Species N FST D 
(m) 

BEDU 
(m/s) 

MEANU 
(m/s) 

SHEARU
 (x 102) FROUDE REN 

(x 10-3) RENR 

L. costata 5 4 
(0 – 5) 

0.72 
(0.62 – 0.90) 

0.44 
2 – 0.(0.2 60) (34 5) 

0.44 
(0.22 – 0.59) 

2.50 
(2.26 – 5.18)

0.13 
(0.13 – 0.38) 

370 
9 – 47

298 
(244 – 541) 

L. rimosus 8 9 
(6 – 10) 

0.44 
(0.39 – 0.51) 

0.34 
(0.22 – 0.54) 

0.69 
(0.61 – 0.82) 

4.53 
(3.87 – 5.19)

0.34 
(0.28 – 0.38) 

327 
(233 – 363) 

473 
(423 – 600) 

L. recta 1         

         

       

6 0.86 0.18 0.56 3.24 0.19 474 650

P. alatus 1 0 1.13 0.01 0.15 1.57 0.24 5 171

Q. c. strigillata 5 6 
(3 – 7) 

0.52 
(0.50 – 0.90) 

0.17 
(0.09 – 0.26) 

0.37 
(0.35 – 0.40) 

2.22 
(2.14 – 2.29)

0.12 
(0.12 – 0.16) 

326 
(181 – 467) 

247 
(232 – 316) 

Q. pustulosa 4 8 
(5 – 9) 

0.41 
(0.36 – 0.74) 

0.23 
(0.09 – 0.41) 

0.64 
(0.49 – 0.77) 

2.42 
(2.05 – 4.74)

0.32 
(0.31 – 0.38) 

255 
(149 – 325) 

508 
(375 – 627) 

 V .iris 18 4 
(0 – 8) 

 

0.56 
(0.43 – 0.83) 

 

0.12 
(0.05 – 0.27) 

0.33 
(0.21 – 0.53) 

2.16 
(1.57 – 3.27)

0.16 
(0.11 – 0.30) 

230 
(72 – 284) 

241 
(172 – 380) 

 



 

Table A.4.  Median and inter-quartile range (in parenthesis) of substrate parameters observed for quadrats occupied by A. plicata, C. 
tuberculata, C. monodonta, D. dromas, E. triquetra, F. barnesiana/P. oviforme, F. cor, F. cuneolus, F. subrotunda, H. lata, L. ovata, 
L. costata, L. rimosus, L. recta, P. alatus, Q. c. strigillata, Q. pustulosa and V. iris in lower reaches of the Clinch River.  When n < 5, 
the full range is presented. 

 

Species N EMB D16 
(cm) 

D84 
(cm) 

D50 
(cm) SORT SMEAN 

(cm) PBED 
K 

(x 103) 

A. plicata 9 2 
(2 – 3) 

14 
(2 – 24) 

112 
(74 – 160) 

50 
(20 – 80) 

3.67 
(2.24 – 12.33) 

65 
(39 – 82) 

0 
 (0) 

10.94 
 (10.52 – 11.24) 

C. stegaria 9 2 
(1 – 2) 

27 
(0.5 – 30) 

125 
(79 – 260) 

40 
(35 – 55) 

3.45 
(1.82 – 11.15) 

77 
(49 – 96) 

0 
(0 – 12.5) 

10.75 
3 – 11(10.6 .36) 

D. dromas 

         

         

  50       

53 10.81 

       

C. monodonta 2 2- 4  0.5 - 500 250 - 500 250 - 500 1.00 – 36.35 100 - 450 0 
 (0) 11.76 – 14.49 

C. tuberculata 15 3 
(2 – 4) 

10 
(2 – 18) 

62 
(43 – 94) 

30 
(27 – 48) 

2.58 
(2.09 – 8.25) 

34 
(27 – 55) 

0 
 (0) 

10.20 
(10.20 – 10.93) 

3 2 
(1 – 3) 

14 
(2 – 42) 

136 
(45 – 290) 

35 
(30 – 78) 

2.79 
(1.89 – 8.79) 

35 
56 - 136 

0 
 (0) 

10.87 
(10.42 – 12.35) 

E. triquetra 1 1 20 80 30 2.08 53 0 10.20

F. barnesiana/  
P. oviforme 1 3 5 230 200 2.56 142 0 12.19

F. cor 1 2 100 60 1.43 140 0 11.94

F. cuneolus 4 2 
(2) 

16 
(10 – 25) 

116 
(95 – 237) (18 – 150) 

6.62 
(2.25 – 10.76) 

75 
(66 – 141) 

0 
(0 – 12.5) (10.70 – 11.94) 

F. subrotunda 19 2 
(1 – 3) 

20 
(2 – 28) 

62 
(40 – 114) 

35 
(20 – 59) 

2.82 
(1.78 – 8.72) 

44 
(26 – 78) 

0 
(0 – 6.25) 

10.75 
(10.42 – 11.30) 

H. lata 5 2 
(2) 
3 

20 
(0.5 – 20) 

70 
(60 – 162) 

40 
(17 – 50) 

2.77 
(1.69 – 12.08) 

52 
(18 - 50) 

0 
(0 – 50) 

10.75 
(10.53 – 11.36) 

L. ovata 5 (2 – 3) 
5 

(4 – 15) 
98 

(68 – 164) 
40 

(40 – 45) 
4.30 

(2.30 – 7.05) 
 

56 
(42 – 71) 

0 
(0) 

10.42 
(10.42 – 10.94) 

  

 173



 

 174

 Species N EMB D16 
(cm) 

D84 
(cm) 

D50 
(cm) SORT SMEAN 

(cm) PBED 
K

(x 103) 

L. costata 5 3 
(2 – 3) 

25 
(10 – 43) 

226 
  (86 – 424)

33 
(30 – 150) 

2.95 
(2.08 – 3.17) 

170 
(43 – 191) 

0 
(0 – 18.75) 

11.11 
(10.87 – 11.63) 

L. rimosus 8 1 
(1 – 2) 

20 
(11 – 51) 

110 
(57 – 272) 

50 
(31 – 68) 

2.63 
(2.33 – 2.90) 

58 
(35 – 131) 

0 
(0 – 15) 

11.11 
(10.64 – 12.16) 

L. recta 1         

         

        

2 44 200 100 2.14 133 0 10.87

P. alatus 1 4 0.5 125 60 61.30 63 75 10.99

Q. c. strigillata 5 2 
(1 – 4) 

6 
(0.5 – 41) 

270 
(60 – 370) 

55 
(5 – 200) 

17.43 
(1.21 – 24.70) 

76 
(53 – 207) 

0 
(0 – 6.25) 

11.36 
(10.53 – 11.63) 

Q. pustulosa 4 3 
(2 – 3) 

21 
(11 – 35) 

146 
(61 – 273) 

169 

121 
(39 – 201) 

2.42 
(2.05 – 4.74) 

92 
(40 – 158) 

0 
(0) 

11.53 
(10.84 – 12.44) 

V. iris 18 3 
(2 – 3) 

32 
(21 – 55) (111 – 274)

63 
(45 – 119) 

2.50 
(1.79 – 5.10) 

 

63 
(45 – 119) 

0 
(0 – 22) 

11.36 
(10.81 – 11.63) 

 

Table A.4.  Continued.



 

APPENDIX B:  MODEL SETS DEVELOPED TO EXPLAIN MICROHABITAT 
USE 

 
 

(See Chapter 2)
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Table B.1.  Logistic regression models explaining microhabitat use by A. pectorosa in upper reaches 
of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

FST, EMB, D, PBED 640 5 440.515 440.610 0.000 0.358 
FST, EMB, D, PBED, D84 640 6 440.783 440.916 0.306 0.308 
FST, EMB, PBED 640 4 442.947 443.010 2.400 0.108 
FST, EMB, D84, PBED 640 5 443.396 443.491 2.881 

FST, EMB, D84 

477.815 
478.995 

0.000 

0.000 
640 540.151 

0.085 
EMB, D, PBED 640 4 445.815 445.878 5.268 0.026 
EMB, PBED 640 3 447.004 447.042 6.432 0.014 
FST, EMB, D, D84 640 5 447.360 447.455 6.845 0.012 

640 4 448.601 448.664 8.054 0.006 
EMB, D, D84 640 4 452.591 452.654 12.044 0.001 
EMB, D84 640 3 452.690 452.728 12.118 0.001 
FST, EMB 640 3 453.428 453.466 12.856 0.001 
EMB 640 2 461.490 461.509 20.899 0.000 
EMD, D 640 3 462.989 463.027 22.417 0.000 
FST, PBED 640 3 463.776 463.814 23.204 0.000 
FST, D, PBED 640 4 465.316 465.379 24.769 0.000 
FST, D84 640 3 468.801 468.839 28.229 0.000 
FST 640 2 470.198 470.217 29.607 0.000 
FST, D, D84 640 4 470.598 470.661 30.051 0.000 
FST, D  640 3 472.091 472.129 31.519 0.000 
MEANU, PBED 640 3 477.853 37.243 0.000 
MEANU, D, PBED 640 4 478.932 38.385 0.000 
MEANU, D84 640 3 480.282 480.320 39.710 0.000 
MEANU, D, D84 640 4 481.266 481.329 40.719 
MEANU 640 2 483.342 483.361 42.751 0.000 
MEANU, D 640 3 484.001 484.039 43.429 0.000 
D 640 2 533.642 533.661 93.051 
PBED 2 540.170 99.560 0.000 
D84 640 2 541.886 541.905 101.295 0.000 
INTERCEPT 640 1 546.525 546.531 105.921 0.000 
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Table B.2.  Logistic regression models explaining microhabitat use by E. dilatata in upper reaches of 
the Clinch River.   

Model n ωik AIC AICc ∆AICc 
MEANU D EMB PBED 640 5 346.489 346.584 0.000 0.267 
MEANU D EMB PBED D84 640 6 346.878 347.011 0.427 

3 
640 348.757 0.090 

348.820 
MEANU D EMB D84 3.470 

5.537 

352.945 
353.302 6.718 0.009 

FST EMB PBED 4 354.500 7.916 0.005 
640 354.643 8.059 0.005 
640 5 

356.044 
356.705 

10.425 
0.001 

358.031 
12.809 

0.000 
360.573 

4 

15.376 

INTERCEPT 640 

0.216 
MEANU PBED 640 348.058 348.096 1.512 0.125 
MEANU EMB PBED D84 5 348.662 2.173 
MEANU D PBED 640 4 348.883 2.299 0.085 

640 5 349.959 350.054 0.047 
MEANU D84 640 3 350.548 350.586 4.002 0.036 
MEANU D D84 640 4 351.463 351.526 4.942 0.023 
FST D EMB PBED 640 5 351.498 351.593 5.009 0.022 
FST D EMB PBED D84 640 6 351.956 352.089 5.505 0.017 
MEANU 640 2 352.102 352.121 0.017 
EMB D PBED 640 4 352.697 352.760 6.176 0.012 
MEANU EMB 640 3 352.983 6.399 0.011 
MEANU D 640 3 353.264 

640 354.437 
EMB PBED 3 354.605 
FST EMB PBED D84 355.020 355.115 8.531 0.004 
FST D EMB D84 640 5 356.139 9.555 0.002 
FST D PBED 640 4 356.642 10.121 0.002 
FST PBED 640 3 356.971 357.009 0.001 
EMB D D84 640 4 357.018 357.081 10.497 
EMB D84 640 3 357.985 358.023 11.439 0.001 
FST EMB D84 640 4 357.968 11.447 0.001 
FST D EMB 640 4 359.330 359.393 0.000 
FST EMB 640 3 360.241 360.279 13.695 
FST D84 640 3 360.535 13.989 0.000 
FST D D84 640 360.802 360.865 14.281 0.000 
FST 640 2 361.464 361.483 14.899 0.000 
EMB 640 2 361.941 361.960 0.000 
FST D 640 3 362.028 362.066 15.482 0.000 
EMB D 640 3 362.412 362.450 15.866 0.000 

1 381.796 381.802 35.218 0.000 
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Table B.3.  Logistic regression models explaining microhabitat use by L. fasciola in upper reaches of 
the Clinch River.   

Model n k AIC AICc ∆AICc ωi

EMB PBED 640 3 377.856 377.894 0.000 0.806 
MEANU PBED 640 3 381.560 381.598 3.704 0.126 
MEANU PBED D84 640 4 383.041 383.104 5.210 0.060 
BEDU PBED 640 

EMB D84 

640 

3 387.897 387.935 10.041 0.005 
BEDU PBED D84 640 4 389.249 389.312 11.418 0.003 

640 3 396.897 396.935 19.041 0.000 
EMB 640 2 397.755 397.774 19.880 0.000 
MEANU EMB D84 640 4 398.005 398.068 20.174 0.000 
BEDU EMB D84 640 4 398.836 398.899 21.005 0.000 
MEANU 640 2 399.342 399.361 21.467 0.000 
BEDU EMB 640 3 399.528 399.566 21.672 0.000 
MEANU D84 640 3 399.830 399.868 21.974 0.000 
BEDU 2 405.600 405.619 27.725 0.000 
BEDU D84 640 3 406.015 406.053 28.159 0.000 
INTERCEPT 640 1 409.247 409.253 31.359 0.000 
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Table B.4.  Logistic regression models explaining microhabitat use by M. conradicus in upper reaches 
of the Clinch River.  

Model n k AIC AICc ∆AICc ωi

FST, EMB, PBED 640 4 368.461 368.524 0.000 0.326 
FST, EMB, D84, PBED 640 5 370.186 370.281 1.757 0.136 
FST, EMB, PBED, K 640 5 370.290 370.385 1.861 0.129 
FST, EMB, D, PBED 640 5 370.457 370.552 2.028 0.118 
FST, EMB, D, PBED, D84 640 6 372.184 372.317 3.793 0.049 
MEANU, D, PBED 640 4 372.255 

0.029 
3 

8.658 

MEAN, D, K 

640 

2 

372.318 3.794 0.049 
FST, EMB, D, PBED, K 640 6 372.285 372.418 3.894 0.047 
MEANU, PBED 640 3 373.335 373.373 4.849 
FST, PBED 640 373.517 373.555 5.031 0.026 
FST, D, PBED 640 4 374.992 375.055 6.531 0.012 
EMB, PBED 640 3 375.115 375.153 6.629 0.012 
FST, EMB, D84 640 4 375.207 375.270 6.746 0.011 
FST, EMD, D84 640 4 375.207 375.270 6.746 0.011 
FST, EMB 640 3 376.398 376.436 7.912 0.006 
MEANU, D, D84 640 4 376.403 376.466 7.942 0.006 
MEANU, D  640 3 376.833 376.871 8.347 0.005 
EMB, D, PBED 640 4 376.986 377.049 8.525 0.005 
FST, EMB, K, D84 640 5 377.020 377.115 8.591 0.004 
FST, EMB, D, D84 640 5 377.087 377.182 0.004 
MEANU, D84 640 3 377.805 377.843 9.319 0.003 
MEANU 640 2 378.614 378.633 10.109 0.002 

640 4 378.712 378.775 10.251 0.002 
FST, EMB, D, K, D84 640 6 378.894 379.027 10.503 0.002 
FST, EMB, D, K 640 5 379.911 380.006 11.482 0.001 
FST 640 2 380.000 380.019 11.495 0.001 
FST, D84 640 3 380.088 380.126 11.602 0.001 
FST, D 640 3 380.849 380.887 12.363 0.001 
FST, D, D84 640 4 381.131 381.194 12.670 0.001 
EMB, D84 3 381.733 381.771 13.247 0.000 
FST, D, K 640 4 382.732 382.795 14.271 0.000 
EMB, D, D84 640 4 383.280 383.343 14.819 0.000 
EMB 640 2 386.014 386.033 17.509 0.000 
EMB, D  640 3 386.719 386.757 18.233 0.000 
EMB, D, K 640 4 388.544 388.607 20.083 0.000 
D 640 2 415.997 416.016 47.492 0.000 
PBED 640 425.081 425.100 56.576 0.000 
INTERCEPT 640 1 431.135 431.141 62.617 0.000 



 

Table B.5.  Logistic regression models explaining microhabitat use by P. fasciolaris in upper reaches 
of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

EMB PBED 640 3 229.789 229.827 0.000 0.148 
MEANU EMB PBED 640 4 231.507 231.570 1.743 0.062 
BEDU EMB PBED 
FST EMB PBED 4 

3.736 

640 3 235.643 

640 4 231.571 231.634 1.807 0.060 
640 231.684 231.747 1.920 0.057 

EMB 640 2 232.132 232.151 2.324 0.046 
MEANU PBED 640 3 232.455 232.493 2.666 0.039 
FST PBED 640 3 232.604 232.642 2.815 0.036 
MEANU EMB D84 PBED 640 5 232.751 232.846 3.019 0.033 
BEDU EMB D84 PBED 640 5 232.797 232.892 3.065 0.032 
FST EMB D84 PBED 640 5 232.890 232.985 3.158 0.031 
MEANU EMB 640 3 233.428 233.466 3.639 0.024 
MEANU 640 2 233.525 233.544 3.717 0.023 
EMB D84 640 3 233.525 233.563 0.023 
BEDU EMB 640 3 233.568 233.606 3.779 0.022 
FST EMB 640 3 233.677 233.715 3.888 0.021 
FST 640 2 233.730 233.749 3.922 0.021 
BEDU PBED 640 3 234.628 234.666 4.839 0.013 
MEANU EMB D84 640 4 235.026 235.089 5.262 0.011 
BEDU EMB D84 640 4 235.105 235.168 5.341 0.010 
FST EMB D84 640 4 235.288 235.351 5.524 0.009 
MEANU D84 640 3 235.363 235.401 5.574 0.009 
BEDU 640 2 235.611 235.630 5.803 0.008 
FST D84 235.681 5.854 0.008 
BEDU D84 640 3 237.434 237.472 7.645 0.003 
INTERCEPT 640 1 238.128 238.134 8.307 0.002 
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Table B.6.  Logistic regression models explaining microhabitat use by P. subtentum in upper reaches 
of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

MEANU 640 2 161.665 161.684 0.000 0.238 
MEANU PBED 640 3 162.819 162.857 1.173 0.133 
MEANU EMB 640 3 163.219 163.257 1.573 0.109 
MEANU D 640 3 163.257 163.295 1.611 0.106 

640 3 163.343 163.381 

0.009 

0.000 
0.000 

182.448 

0.000 

MEANU D84 1.697 0.102 
MEANU EMB D 640 4 164.034 164.097 2.413 0.071 
MEANU D PBED 640 4 164.455 164.518 2.834 0.058 
MEANU D D84 640 4 164.966 165.029 3.345 0.045 
MEANU D D84 PBED 640 5 166.446 166.541 4.857 0.021 
MEANU D PBED D84 640 5 166.446 166.541 4.857 0.021 
MEANU EMB D D84 640 5 166.700 166.795 5.111 0.019 
FST 640 2 166.990 167.009 5.325 0.017 
FST PBED 640 3 167.318 167.356 5.672 0.014 
MEANU EMB D D84 
PBED 640 6 168.094 168.227 6.543 
FST EMB 640 3 168.376 168.414 6.730 0.008 
FST D84 640 3 168.875 168.913 7.229 0.006 
FST D  640 3 168.978 169.016 7.332 0.006 
FST D PBED 640 4 169.315 169.378 7.694 0.005 
FST EMB D  640 4 170.375 170.438 8.754 0.003 
FST D PBED EMB 640 5 170.536 170.631 8.947 0.003 
FST D D84 640 4 170.868 170.931 9.247 0.002 
FST D D84 PBED 640 5 171.218 171.313 9.629 0.002 
FST EMB D D84 640 5 172.177 172.272 10.588 0.001 
FST EMB D D84 PBED 640 6 172.484 172.617 10.933 0.001 
EMB PBED 640 3 179.805 179.843 18.159 0.000 
EMB 640 2 180.661 180.680 18.996 
EMB D84 640 3 181.213 181.251 19.567 
EMB PBED D84 640 4 181.733 181.796 20.112 0.000 
EMB D PBED 640 4 181.803 181.866 20.182 0.000 
EMB D 640 3 182.486 20.802 0.000 
EMB D D84 640 4 183.173 183.236 21.552 0.000 
EMB D D84 PBED 640 5 183.732 183.827 22.143 
EMB D PBED D84 640 5 183.732 183.827 22.143 0.000 
INTERCEPT 640 1 200.158 200.164 38.480 0.000 
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Table B.7.  Logistic regression models explaining microhabitat use by A. ligamentina in lower reaches 
of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

REN EMB PBED DIST 450 5 430.112 430.247 0.000 0.304 
REN EMB PBED D84 DIST 450 6 431.197 431.387 1.140 0.172 
MEANU D EMB PBED DIST 450 6 431.208 431.398 1.151 0.171 
FST D EMB PBED DIST 450 6 431.749 431.939 1.692 0.130 
EMB D PBED DIST 450 5 431.841 431.976 1.729 0.128 
FST D EMB D84 PBED DIST 450 7 432.787 433.040 2.793 0.075 
FST D EMB PBED 

0.002 

0.000 

444.940 
3 

450 5 439.263 439.398 9.151 0.003 
REN EMB PBED 450 4 439.611 439.701 9.454 0.003 
EMB D PBED 450 4 440.429 440.519 10.272 0.002 
MEANU D EMB PBED 450 5 440.593 440.728 10.481 0.002 
FST D EMB D84 PBED 450 6 440.576 440.766 10.519 
REN EMB PBED D84 450 5 440.994 441.129 10.882 0.001 
EMB PBED 450 3 441.379 441.433 11.186 0.001 
EMB D PBED D84 450 5 441.519 441.654 11.407 0.001 
MEANU D EMB D84 PBED 450 6 441.957 442.147 11.900 0.001 
EMB PBED D84 450 4 442.558 442.648 12.401 0.001 
REN PBED 450 3 442.725 442.779 12.532 0.001 
RENR EMB PBED 450 4 442.919 443.009 12.762 0.001 
FST D PBED 450 4 443.272 443.362 13.115 
RENR EMB PBED D84 450 5 444.222 444.357 14.110 0.000 
REN PBED D84 450 4 444.427 444.517 14.270 0.000 
FST D PBED D84 450 5 445.075 14.828 0.000 
FST PBED 450 445.237 445.291 15.044 0.000 
FST D EMB D84 450 4 445.395 445.485 15.238 0.000 
MEANU D PBED 450 4 445.402 445.492 15.245 0.000 
REN EMB D84 450 4 445.509 445.599 15.352 0.000 
MEANU PBED 450 3 445.598 445.652 15.405 0.000 
EMB D84 450 3 446.598 446.652 16.405 0.000 
FST PBED D84 450 4 446.845 446.935 16.688 0.000 
EMB D D84 450 4 446.985 447.075 16.828 0.000 
RENR PBED 450 3 447.056 447.110 16.863 0.000 
MEANU D PBED D84 450 5 447.215 447.350 17.103 0.000 
MEANU D EMB D84 450 5 447.229 447.364 17.117 0.000 
MEANU PBED D84 450 4 447.349 447.439 17.192 0.000 
FST D D84 450 4 447.776 447.866 17.619 0.000 
RENR EMB D84 450 4 448.114 448.204 17.957 0.000 
REN D84 450 3 448.300 448.354 18.107 0.000 
FST D84 450 3 448.798 448.852 18.605 0.000 
RENR PBED D84 450 4 448.813 448.903 18.656 0.000 
Continued on next page.
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Table B.7.  Continued.   
Model n k AIC AICc ∆AICc ωi

MEANU D84 450 3 449.925 449.979 19.732 0.000 
MEANU D D84 450 4 450.619 450.709 20.462 0.000 
FST D 450 3 451.006 451.060 20.813 0.000 
FST D EMB 450 4 450.979 451.069 20.822 0.000 
REN EMB 450 3 451.042 451.096 20.849 0.000 
RENR D84 450 3 451.500 451.554 21.307 0.000 
MEANU 450 2 451.572 451.599 21.352 0.000 
FST EMB 450 3 451.839 451.893 21.646 0.000 
REN 450 2 451.932 451.959 21.712 0.000 
FST 450 2 452.441 452.468 22.221 0.000 
MEANU EMB 450 3 452.424 452.478 22.231 0.000 
EMB 450 2 452.699 452.726 22.479 0.000 
MEANU D EMB 450 4 452.835 452.925 22.678 0.000 
RENR EMB 450 3 453.158 453.212 22.965 0.000 
MEANU D 450 3 453.386 453.440 23.193 0.000 
RENR 450 2 453.996 454.023 23.776 0.000 
EMB D 450 3 454.151 454.205 23.958 0.000 
INTERCEPT 450 1 460.556 460.565 30.318 0.000 

 183



 

Table B.8.  Logistic regression models explaining microhabitat use by A. pectorosa in lower reaches 
of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

MEANU D EMB PBED 450 5 368.912 369.047 0.000 0.251 
FST D EMB PBED 450 5 369.305 369.440 0.393 0.206 
SHEARU EMB PBED 450 4 370.632 370.722 1.675 0.109 
MEANU D EMB D84 PBED 450 6 370.911 371.101 2.054 0.090 
FST D EMB D84 PBED 450 6 371.139 371.329 2.282 0.080 
MEANU PBED 450 3 371.36 371.414 2.367 0.077 
SHEARU EMB PBED D84 450 5 372.632 372.767 3.720 0.039 
MEANU D PBED 450 4 372.835 372.925 3.878 0.036 
FST PBED 450 3 372.942 372.996 3.949 0.035 
MEANU PBED D84 450 4 373.295 373.385 4.338 0.029 

0.013 

SHEARU EMB 

MEANU D PBED D84 450 5 374.785 374.920 5.873 
FST PBED D84 450 4 374.855 374.945 5.898 0.013 
FST D PBED 450 4 374.934 375.024 5.977 0.013 
FST D PBED D84 450 5 376.845 376.980 7.933 0.005 
SHEARU PBED 450 3 377.303 377.357 8.310 0.004 
SHEARU PBED D84 450 4 379.248 379.338 10.291 0.001 
FST D EMB D84 450 5 387.17 387.305 18.258 0.000 
FST D84 450 3 387.277 387.331 18.284 0.000 
FST D D84 450 4 389.139 389.229 20.182 0.000 
MEANU D EMB D84 450 5 389.25 389.385 20.338 0.000 
MEANU D84 450 3 389.447 389.501 20.454 0.000 
MEANU D D84 450 4 390.15 390.240 21.193 0.000 
SHEARU EMB D84 450 4 392.273 392.363 23.316 0.000 
FST 450 2 393.67 393.697 24.650 0.000 
FST EMB 450 3 393.774 393.828 24.781 0.000 
MEANU 450 2 394.38 394.407 25.360 0.000 
MEANU D  450 3 394.773 394.827 25.780 0.000 
MEANU EMB 450 3 395.103 395.157 26.110 0.000 
FST D 450 3 395.395 395.449 26.402 0.000 
FST D EMB 450 4 395.557 395.647 26.600 0.000 
SHEARU D84 450 3 395.627 395.681 26.634 0.000 
MEANU D EMB 450 4 395.71 395.800 26.753 0.000 
EMB D PBED 450 4 395.95 396.040 26.993 0.000 
EMB PBED 450 3 397.618 397.672 28.625 0.000 
EMB D PBED D84 450 5 397.558 397.693 28.646 0.000 
EMB PBED D84 450 4 399.114 399.204 30.157 0.000 

450 3 399.967 400.021 30.974 0.000 
SHEARU 450 2 400.606 400.633 31.586 0.000 
Continued on next page.
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Table B.8.  Continued.   
Model n k AIC AICc ∆AICc ωi

EMB D D84 450 4 415.073 415.163 46.116 0.000 
EMB D  450 3 426.473 426.527 57.480 0.000 
EMB 450 2 436.167 436.194 67.147 0.000 
INTERCEPT 450 1 481.228 481.237 112.190 0.000 
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Table B.9.  Logistic regression models explaining microhabitat use by E. dilatata in lower reaches of 
the Clinch River.   

Model n k AIC AICc ∆AICc ωi

D84, K 450 3 229.862 229.916 0.000 0.250 
K 450 2 231.437 231.464 1.548 0.115 
EMB, K 450 3 231.605 231.659 1.743 0.104 
FST, K 450 3 231.605 231.659 1.743 0.104 
D84  450 2 232.460 232.487 2.571 0.069 
INTERCEPT 450 1 232.553 232.562 2.646 

233.978 234.005 4.089 
234.436 234.463 4.547 

0.017 

0.015 

0.066 
FST 450 2 233.557 233.584 3.668 0.040 
D 450 2 0.032 
EMB 450 2 0.026 
PBED 450 2 234.502 234.529 4.613 0.025 
MEANU 450 2 234.671 234.698 4.782 0.023 
FST, EMB, PBED, K 450 5 234.940 235.075 5.159 0.019 
FST, PBED 450 3 235.171 235.225 5.309 0.018 
FST, EMB, D, K 450 5 235.211 235.346 5.430 
FST, D 450 3 235.423 235.477 5.561 0.015 
FST, EMB 450 3 235.537 235.591 5.675 
EMB, D 450 3 235.896 235.950 6.034 0.012 
MEANU, D 450 3 235.978 236.032 6.116 0.012 
EMB, PBED 450 3 236.201 236.255 6.339 0.010 
MEANU, PBED 450 3 236.320 236.374 6.458 0.010 
FST, EMB, PBED 450 4 237.070 237.160 7.244 0.007 
FST, EMB, D 450 4 237.397 237.487 7.571 0.006 
EMB, D, PBED 450 4 237.425 237.515 7.599 0.006 
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Table B.10.  Logistic regression models explaining microhabitat use by E. brevidens in lower reaches 
of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

SHEARU PBED 450 3 179.402 179.456 0.000 0.115 
MEANU PBED 450 3 179.564 179.618 0.162 0.106 
FST PBED 450 3 180 180.054 0.598 0.085 
SHEARU EMB PBED 450 4 181.202 181.292 1.836 0.046 
SHEARU PBED D84 450 4 181.23 181.320 1.864 0.045 
MEANU D PBED 450 4 181.281 181.371 1.915 0.044 
MEANU PBED D84 450 4 181.376 181.466 2.010 0.042 
FST D84 450 3 181.727 181.781 2.325 0.036 
FST PBED D84 450 4 

2.601 

FST D 
450 

184.03 

184.98 185.070 0.007 
MEANU D EMB D84 PBED 

185.507 
450 0.006 

185.419 
6.370 

5 

181.695 181.785 2.329 0.036 
FST D PBED 450 4 181.884 181.974 2.518 0.033 
SHEARU D84 450 3 181.935 181.989 2.533 0.032 
FST 450 2 182.03 182.057 0.031 
SHEARU 450 2 182.031 182.058 2.602 0.031 
MEANU D84 450 3 182.04 182.094 2.638 0.031 
MEANU 450 2 182.119 182.146 2.690 0.030 
SHEARU EMB PBED D84 450 5 182.981 183.116 3.660 0.018 
MEANU D PBED D84 450 5 183.079 183.214 3.758 0.017 
MEANU D EMD PBED 450 5 183.174 183.309 3.853 0.017 
MEANU D 450 3 183.443 183.497 4.041 0.015 
EMB PBED 450 3 183.479 183.533 4.077 0.015 
MEANU D D84 450 4 183.453 183.543 4.087 0.015 
FST D D84 450 4 183.496 183.586 4.130 0.015 
FST D PBED D84 450 5 183.572 183.707 4.251 0.014 
FST D EMB PBED 450 5 183.636 183.771 4.315 0.013 

450 3 183.737 183.791 4.335 0.013 
SHEARU EMB D84 4 183.81 183.900 4.444 0.012 
FST EMB 450 3 184.03 184.084 4.628 0.011 
SHEARU EMB 450 3 184.084 4.628 0.011 
MEANU EMB 450 3 184.118 184.172 4.716 0.011 
EMB D PBED 450 4 184.594 184.684 5.228 0.008 
EMB PBED D84 450 4 5.614 

450 6 184.936 185.126 5.670 0.007 
FST D EMB D84 PBED 450 6 185.278 185.468 6.012 0.006 
FST D EMB D84 450 4 185.417 6.051 0.006 
MEANU D EMB 4 185.424 185.514 6.058 
MEANU D EMB D84 450 5 185.554 6.098 0.005 
FST D EMB 450 4 185.736 185.826 0.005 
EMB D PBED D84 450 186.131 186.266 6.810 0.004 
Continued on next page.
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Model AIC ∆AICc 
Table B.10.  Continued.

n k AICc ωi

EMB D D84 450 4 186.559 186.649 7.193 0.003 
EMB D 450 3 187.377 187.431 7.975 0.002 
EMB 450 2 187.601 187.628 8.172 0.002 
INTERCEPT 450 1 189.394 189.403 9.947 0.001 



 

Table B.11.  Logistic regression models explaining microhabitat use by E. capsaeformis in lower 
reaches of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

FST D EMB D84 PBED 450 6 337.730 337.920 0.000 0.358 
FST D EMB PBED 450 5 

MEANU D EMB D84 PBED 
450 2.891 
450 5 341.818 0.048 
450 342.678 0.033 

MEANU D EMB D84 
450 

4 
345.335 

345.994 
450 

4 
346.767 346.821 8.901 

450 347.229 

4 

12.568 

EMB D 

SHEARU D84 

339.244 339.379 1.459 0.172 
FST D EMB D84 450 5 340.514 340.649 2.729 0.091 

450 6 340.591 340.781 2.861 0.086 
EMB D PBED D84 5 340.676 340.811 0.084 
MEANU D EMB PBED 341.953 4.033 
EMB D PBED 4 342.588 4.758 
SHEARU EMB PBED D84 450 5 342.604 342.739 4.819 0.032 

450 5 343.781 343.916 5.996 0.018 
SHEARU EMD PBED 4 343.849 343.939 6.019 0.018 
EMB D D84 450 343.867 343.957 6.037 0.017 
FST D PBED D84 450 5 345.470 7.550 0.008 
FST D D84 450 4 345.904 8.074 0.006 
FST D PBED 4 346.167 346.257 8.337 0.006 
FST PBED D84 450 346.456 346.546 8.626 0.005 
EMB PBED 450 3 0.004 
FST PBED 3 347.175 9.309 0.003 
SHEARU EMD D84 450 4 347.367 347.457 9.537 0.003 
FST D84 450 3 347.582 347.636 9.716 0.003 
FST D EMB 450 349.738 349.828 11.908 0.001 
MEANU D PBED D84 450 5 350.337 350.472 12.552 0.001 
MEANU D PBED 450 4 350.398 350.488 0.001 
MEANU D D84 450 4 351.381 351.471 13.551 0.000 
FST EMB 450 3 351.666 351.720 13.800 0.000 
FST D 450 3 352.116 352.170 14.250 0.000 
MEANU D EMB 450 4 352.688 352.778 14.858 0.000 
FST 450 2 354.312 354.339 16.419 0.000 

450 3 354.349 354.403 16.483 0.000 
MEANU PBED 450 3 354.430 354.484 16.564 0.000 
MEANU PBED D84 450 4 354.574 354.664 16.744 0.000 
SHEARU PBED 450 3 355.566 355.620 17.700 0.000 
SHEARU PBED D84 450 4 355.748 355.838 17.918 0.000 
MEANU D 450 3 356.435 356.489 18.569 0.000 
MEANU D84 450 3 356.913 356.967 19.047 0.000 
MEANU EMB 450 3 357.770 357.824 19.904 0.000 
SHEARU EMB 450 3 358.031 358.085 20.165 0.000 

450 3 358.135 358.189 20.269 0.000 
MEANU 450 2 362.656 362.683 24.763 0.000 
SHEARU 450 2 363.907 363.934 26.014 0.000 
Continued on next page.
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Table B.11.  Continued. 
Model n k AIC AICc ∆AICc ωi

EMB 450 2 364.256 364.283 26.363 0.000 
INTERCEPT 450 1 394.370 394.379 56.459 0.000 
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Table B.12.  Logistic regression models explaining microhabitat use by L. fasciola in lower reaches of 
the Clinch River.   

Model n k AIC AICc ∆AICc ωi

FST PBED 450 3 183.379 183.433 0.000 0.256 
FST D PBED 450 4 185.167 185.257 1.824 0.103 
FST D84 

186.228 186.282 2.849 
186.908 

187.841 

5 

6.126 

0.006 

450 3 185.529 185.583 2.150 0.087 
FST 450 2 185.614 185.641 2.208 0.085 
MEANU PBED 450 3 0.062 
FST D PBED EMB 450 5 186.773 3.475 0.045 
FST D D84 PBED 450 5 187.015 187.150 3.717 0.040 
FST D D84 450 4 187.424 187.514 4.081 0.033 
FST D  450 3 187.533 187.587 4.154 0.032 
FST EMB 450 3 187.613 187.667 4.234 0.031 
EMB PBED 450 3 187.787 4.408 0.028 
MEANU D PBED 450 4 188.223 188.313 4.880 0.022 
FST EMB D D84 PBED 450 6 188.582 188.772 5.339 0.018 
MEANU 450 2 188.954 188.981 5.548 0.016 
MEANU D84 450 3 189.072 189.126 5.693 0.015 
FST EMB D D84 450 189.295 189.430 5.997 0.013 
EMB PBED D84 450 4 189.469 189.559 6.126 0.012 
EMB PBED D84 450 4 189.469 189.559 0.012 
FST EMB D 450 4 189.530 189.620 6.187 0.012 
EMB D PBED 450 4 189.692 189.782 6.349 0.011 
MEANU D D84 PBED 450 5 190.141 190.276 6.843 0.008 
MEANU D PBED D84 450 5 190.141 190.276 6.843 0.008 
MEANU EMB 450 3 190.761 190.815 7.382 0.006 
MEANU D 450 3 190.817 190.871 7.438 0.006 
EMB D84 450 3 190.923 190.977 7.544 
MEANU D D84 450 4 190.972 191.062 7.629 0.006 
MEANU EMB D D84 PBED 450 6 191.212 191.402 7.969 0.005 
EMB PBED D84 PBED 450 5 191.382 191.517 8.084 0.004 
EMB D PBED D84 450 5 191.382 191.517 8.084 0.004 
EMB 450 2 192.411 192.438 9.005 0.003 
MEANU EMB D D84 450 5 192.418 192.553 9.120 0.003 
EMB D D84 450 4 192.562 192.652 9.219 0.003 
MEANU EMB D 450 4 192.662 192.752 9.319 0.002 
EMB D  450 3 193.588 193.642 10.209 0.002 
INTERCEPT 450 1 195.103 195.112 11.679 0.001 
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Table B.13.  Logistic regression models explaining microhabitat use by M. conradicus in lower 
reaches of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

RENR D EMB PBED 450 5 455.693 455.828 0.000 0.206 
EMB D PBED 450 4 456.006 456.096 0.268 

4 

0.000 

FST PBED 450 3 488.761 488.815 32.987 0.000 
RENR D 450 3 488.815 488.869 33.041 

0.180 
EMB D PBED D84 450 5 456.691 456.826 0.998 0.125 
RENR D EMB PBED D84 450 6 456.699 456.889 1.061 0.121 
FST D EMB PBED 450 4 456.910 457.000 1.172 0.115 
MEANU D EMB PBED 450 5 457.068 457.203 1.375 0.103 
FST D EMB D84 PBED 450 6 457.687 457.877 2.049 0.074 
MEANU D EMB D84 PBED 450 6 457.958 458.148 2.320 0.065 
RENR EMB PBED 450 4 463.038 463.128 7.300 0.005 
RENR EMB PBED D84 450 5 464.040 464.175 8.347 0.003 
EMB PBED 450 3 467.013 467.067 11.239 0.001 
EMB PBED D84 450 467.317 467.407 11.579 0.001 
EMB D D84 450 4 467.822 467.912 12.084 0.000 
RENR D EMB D84 450 5 467.951 468.086 12.258 0.000 
FST D EMB D84 450 5 468.477 468.612 12.784 0.000 
MEANU D EMB D84 450 4 468.964 469.054 13.226 0.000 
MEANU D PBED 450 4 479.020 479.110 23.282 0.000 
RENR D EMB 450 4 479.187 479.277 23.449 0.000 
FST D PBED 450 4 479.326 479.416 23.588 0.000 
RENR EMB D84 450 4 479.671 479.761 23.933 0.000 
FST D EMB 450 4 480.353 480.443 24.615 
MEANU D EMB 450 4 480.444 480.534 24.706 0.000 
EMB D 450 3 480.607 480.661 24.833 0.000 
FST D PBED D84 450 5 480.680 480.815 24.987 0.000 
MEANU D PBED D84 450 5 480.709 480.844 25.016 0.000 
FST D D84 450 4 485.702 485.792 29.964 0.000 
MEANU D D84 450 4 486.300 486.390 30.562 0.000 
RENR PBED 450 3 488.564 488.618 32.790 0.000 

0.000 
FST PBED D84 450 4 490.176 490.266 34.438 0.000 
RENR PBED D84 450 4 490.402 490.492 34.664 0.000 
MEANU D 450 3 490.988 491.042 35.214 0.000 
FST D 450 3 491.370 491.424 35.596 0.000 
MEANU PBED 450 3 493.740 493.794 37.966 0.000 
Continued on next page.
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Table B.13.  Continued. 
Model n k AIC AICc ∆AICc ωi

FST EMB 450 3 494.100 494.154 38.326 0.000 
RENR EMB 450 3 494.591 494.645 38.817 0.000 
MEANU PBED D84 450 4 495.556 495.646 39.818 0.000 
FST D84 450 3 497.638 497.692 41.864 0.000 
MEANU EMB 450 3 498.034 498.088 42.260 0.000 
RENR D84 450 3 500.356 500.410 44.582 0.000 
EMB 450 2 504.559 504.586 48.758 0.000 
MEANU D84 450 3 504.826 504.880 49.052 0.000 
FST 450 2 505.305 505.332 49.504 0.000 
RENR 450 2 506.388 506.415 50.587 0.000 
MEANU 450 2 511.477 511.504 55.676 0.000 
INTERCEPT 450 1 558.388 558.397 102.569 0.000 
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Table B.14.  Logistic regression models explaining microhabitat use by P. fasciolaris in lower reaches 
of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

REN EMB D84 DIST 450 5 287.233 287.368 0.000 0.114 
EMB PBED DIST 450 

450 

0.044 

450 

3.780 

291.395 

292.248 

RENR D EMB 

4 287.342 287.432 0.064 0.110 
EMB D D84 DIST 5 288.020 288.155 0.787 0.077 
REN D84 DIST 450 4 288.622 288.712 1.344 0.058 
REN EMB D84 450 4 289.166 289.256 1.888 
EMB D D84 450 4 289.571 289.661 2.293 0.036 
REN D84 450 3 289.946 290.000 2.632 0.031 
EMB PBED 3 289.966 290.020 2.652 0.030 
RENR EMB D84 450 4 290.089 290.179 2.811 0.028 
EMB PBED D84 450 4 290.107 290.197 2.829 0.028 
REN EMB PBED 450 4 290.147 290.237 2.869 0.027 
RENR D EMB D84 450 5 290.420 290.555 3.187 0.023 
RENR D84 450 3 290.582 290.636 3.268 0.022 
REN EMB D84 PBED 450 5 290.529 290.664 3.296 0.022 
REN PBED 450 3 290.657 290.711 3.343 0.021 
REN 450 2 291.040 291.067 3.699 0.018 
RENR 450 2 291.121 291.148 0.017 
EMB 450 2 291.123 291.150 3.782 0.017 
RENR EMB PBED 450 4 291.196 291.286 3.918 0.016 
RENR D EMB PBED 450 5 291.157 291.292 3.924 0.016 
REN EMB 450 3 291.312 291.366 3.998 0.015 
RENR PBED 450 3 291.449 4.081 0.015 
MEANU D EMB D84  450 5 291.363 291.498 4.130 0.014 
REN PBED D84 450 4 291.459 291.549 4.181 0.014 
RENR EMB PBED D84 450 5 291.594 291.729 4.361 0.013 
EMB D PBED 450 4 290.670 290.760 3.392 0.013 
RENR D EMB PBED D84 450 6 291.568 291.758 4.390 0.013 
EMB D PBED D84 450 5 290.705 290.840 3.472 0.012 
RENR EMB 450 3 291.835 291.889 4.521 0.012 
MEANU D84 450 3 292.302 4.934 0.010 
RENR PBED D84 450 4 292.297 292.387 5.019 0.009 
RENR D   450 3 292.374 292.428 5.060 0.009 

450 4 292.651 292.741 5.373 0.008 
EMB D  450 3 292.699 292.753 5.385 0.008 
MEANU 450 2 292.803 292.830 5.462 0.007 
Continued on next page.
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Table B.14.  Continued. 
Model n k AIC AICc ∆AICc ωi

MEANU EMB 450 3 292.781 292.835 5.467 0.007 
MEANU PBED 450 3 293.156 293.210 5.842 0.006 
MEANU D EMB PBED 450 5 292.307 292.442 5.074 0.005 
MEANU D EMB D84 PBED 450 6 292.517 292.707 5.339 0.005 
MEANU D D84 450 4 293.713 293.803 6.435 0.005 
MEANU D EMB 450 4 294.001 294.091 6.723 0.004 
MEANU PBED D84 450 4 294.013 294.103 6.735 0.004 
MEANU D 450 3 294.375 294.429 7.061 0.003 
MEANU D PBED 450 4 294.422 294.512 7.144 0.003 
INTERCEPT 450 1 294.575 294.584 7.216 0.003 
MEANU  D PBED D84  450 5 295.356 295.491 8.123 0.002 
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Table B.15.  Logistic regression models explaining microhabitat use by P. subtentum in lower reaches 
of the Clinch River.   

Model n k AIC AICc ∆AICc ωi

FST D EMB PBED 450 5 366.140 366.275 0.000 0.475 
FST D EMB D84 PBED 450 6 366.386 366.576 0.301 0.409 
FST D EMB D84 450 4 369.637 369.727 3.452 0.085 
RENR D EMB PBED 450 5 375.387 375.522 9.247 0.005 
RENR D EMB PBED D84 450 6 376.038 376.228 9.953 0.003 
FST D PBED 450 4 376.515 376.605 10.330 0.003 
FST PBED 450 3 376.666 376.720 10.445 0.003 
RENR EMB PBED 450 4 376.909 376.999 10.724 0.002 
FST D EMB 450 4 376.959 377.049 10.774 0.002 
FST D PBED D84 450 5 377.105 377.240 10.965 0.002 
MEANU D EMB PBED 450 5 377.130 377.265 10.990 0.002 
FST PBED D84 450 4 377.310 377.400 11.125 0.002 
RENR EMB PBED D84 450 5 377.585 377.720 11.445 0.002 
FST D D84 450 4 377.647 377.737 11.462 0.002 
FST EMB 450 3 377.767 377.821 11.546 0.001 
MEANU D EMB D84 PBED 450 6 377.713 377.903 11.628 0.001 
FST D84 450 3 378.223 378.277 12.002 0.001 
RENR D EMB D84 450 5 380.495 380.630 14.355 0.000 
EMB D PBED D84 450 5 381.609 381.744 15.469 0.000 
FST D 450 3 381.693 381.747 15.472 0.000 
MEANU D EMB D84 450 5 381.633 381.768 15.493 

394.240 
394.961 

0.000 
EMB D PBED 450 4 381.772 381.862 15.587 0.000 
FST 450 2 382.735 382.762 16.487 0.000 
RENR EMB D84 450 4 383.663 383.753 17.478 0.000 
EMB D D84 450 4 385.535 385.625 19.350 0.000 
RENR D EMB 450 4 387.815 387.905 21.630 0.000 
EMB PBED D84 450 4 388.020 388.110 21.835 0.000 
EMB PBED 450 3 388.703 388.757 22.482 0.000 
MEANU D EMB 450 4 388.728 388.818 22.543 0.000 
RENR EMB 450 3 392.546 392.600 26.325 0.000 
MEANU D PBED 450 4 392.905 392.995 26.720 0.000 
MEANU D PBED D84 450 5 394.375 28.100 0.000 
EMB D 450 3 395.015 28.740 0.000 
MEANU EMB 450 3 395.123 395.177 28.902 0.000 
MEANU D D84 450 4 395.098 395.188 28.913 0.000 
Continued on next page. 
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Table B.15.  Continued. 
Model n k AIC AICc ∆AICc ωi

RENR PBED 450 3 395.188 395.242 28.967 0.000 
RENR PBED D84 450 4 396.661 396.751 30.476 0.000 
RENR D 450 3 396.904 396.958 30.683 0.000 
MEANU D 450 3 397.601 397.655 31.380 0.000 
MEANU PBED 450 3 398.381 398.435 32.160 0.000 
RENR D84 450 3 399.459 399.513 33.238 0.000 
MEANU PBED D84 450 4 399.841 399.931 33.656 0.000 
MEANU D84 450 3 401.987 402.041 35.766 0.000 
RENR 450 2 465.883 402.973 36.698 0.000 
MEANU 450 2 405.308 405.335 39.060 0.000 
EMB 450 2 409.749 409.776 43.501 0.000 
INTERCEPT 450 1 465.883 465.892 99.617 0.000 
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APPENDIX C:  SCREE PLOTS FOR CLUSTER ANALYSIS 
 
 

(See Chapter 2) 
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Table C.1.  Scree plot derived from plotting average distance between clusters against the 
number of clusters generated from average linkage cluster analysis involving 16 species 
observed in upper reaches and 3 habitat parameters (FST, D, EMB).  The point at which the 
curves appear to straighten out can indicate the maximum number of clusters to retain.  I chose to 
retain the first five clusters.
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Table C.2.  Scree plot derived from plotting between-clusters sum of squares against the number 
of clusters generated from Ward’s minimum-variance linkage cluster analysis involving 23 
species observed in upper reaches and 3 habitat parameters (FST, D, EMB).  The point at which 
the curves appear to straighten out can indicate the maximum number of clusters to retain.  I 
chose to retain the first five clusters.
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Table C.3.  Scree plot derived from plotting average distance between clusters against the 
number of clusters generated from average linkage cluster analysis involving 23 species 
observed in lower reaches and 3 habitat parameters (FST, D, EMB).  The point at which the 
curves appear to straighten out can indicate the maximum number of clusters to retain.  I chose to 
retain the first four clusters.
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Table C.4.  Scree plot derived from plotting between-clusters sum of squares against the number 
of clusters generated from Ward’s minimum-variance linkage cluster analysis involving 23 
species observed in lower reaches and 3 habitat parameters (FST, D, EMB).  The point at which 
the curves appear to straighten out can indicate the maximum number of clusters to retain.  I 
chose to retain the first four clusters.
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