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Sixteen darter species are known to occur in the Elk River, Tennessee, including 

the Boulder Darter (Etheostoma wapiti), a federally endangered species that is currently 

restricted to approximately 100 km of the Elk River and three of its major tributaries. 

Since the construction of Tims Ford Dam in 1970, coldwater releases and altered flow 

regimes have resulted in substantial habitat modification that has reduced the range of 

Boulder Darters throughout the Elk River.  In 2007, the Tennessee Valley Authority 

implemented an adaptive management process at Tims Ford Dam to determine the 

optimal combination of spilling, sluicing, and hydroelectric generation that would: (1) 

promote the persistence of Boulder Darters throughout the mainstem Elk River, (2) allow 

for continued hydroelectric generation, and (3) maintain suitable conditions for a popular 

tailwater trout fishery.  The recently implemented operational modifications were 

anticipated to improve spawning and rearing conditions for Boulder Darters and provide 

an additional 50 km for potential recolonization.  To assess the current status of all darter 

species in the Elk River system, I developed multi-species occupancy models that 

accounted for incomplete detection to determine the influence of site-, habitat-, and 

species-level characteristics on darter occurrence throughout the Elk River.  I surveyed 

39 sites using a combination of backpack electrofishing and seining and used presence-

absence data to estimate detection and occupancy probabilities for each of 15 darter 

species native to the Elk River.  To account for among-species differences in habitat 

preferences, each of the 15 darter species was assigned to one of three assemblage 

groups: moderate or large river obligate species, small stream species, and cosmopolitan 

species.  Occupancy modeling indicated that darter species occupancy was strongly and 

negatively related to the absence of cobble substrates and the presence of high levels of 

silt.  The probability of occurrence for moderate or large river obligates such as Boulder 

Darters was strongly and positively related to distance downstream from Tims Ford Dam. 

In contrast, the probability of occurrence for small stream species was inversely related to 

distance downstream from Tims Ford Dam, and the probability of occurrence of 

cosmopolitan species declined slightly with distance downstream from Tims Ford Dam. 

Results from this study provide a baseline for managers to assess future changes in the 

status and distribution of Boulder Darters following operational changes at Tims Ford 

Dam.   
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CHAPTER 1 

INTRODUCTION  

  

The southeastern United States harbors one of North America’s most diverse fish 

communities; however, this region also has the second highest rate of fish imperilment 

and endemism in the United States (Warren et al. 1997).  Declines in the region’s fish 

populations have been attributed to a variety of factors, including habitat alteration and 

fragmentation caused by instream flow alterations and changes in land use practices 

(Warren et al. 2000).  Almost all moderate to large river systems in the southeastern 

United States are impounded, and dam operations have fundamentally affected stream 

dynamics by altering temperature and flow regimes and increasing downstream sediment 

transfer (Poff et al. 1997; Bednarek and Hart 2005).  Altered flow and temperature 

regimes have been linked with range restriction, isolation, and reduced spawning habitats 

of warmwater fish species inhabiting tailwaters (Olden and Naiman 2010).  Benthic 

warmwater fishes in particular are among the first to be affected by degrading water 

quality and have the highest proportion of imperiled or extirpated species (Warren et al. 

2000). 

It is critical to understand the effect of changes in thermal regimes on fish species 

inhabiting tailwaters because temperature fundamentally affects all physiological, 

biochemical, and life history processes of all fish (Beitinger et al. 2000).  The release of 

cold hypolimnetic water during warmer months poses a serious threat to the survival of 

some young-of-year fishes (Goar 2013).  Thermal shock has been recognized as a 

probable cause of reduced growth, increased mortality, and reduced reproductive success 
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in some stream fish species in tailwaters (Lupher and Clarkson 1993).  Tsai (1972) found 

that cold water releases from reservoirs reduced fecundity, growth, and number of adult 

Johnny Darters (Etheostoma nigrum) when compared with a warmwater population of 

the same species.   

Hydroelectric operations alter the flow regime and the natural dynamics of rivers 

(Power et al. 1996).  Altered flow conditions affect water temperature, channel 

geomorphology, and habitat diversity and can contribute to the formation of highly 

unstable aquatic habitats (Bain et al. 1988).  Freeman et al. (2001) reported that 

persistence of fish in a regulated river was partially dependent on seasonal occurrence of 

stable habitat conditions required for reproduction and young-of-year survival.  

Travnichek and Maceina (1994) found that species richness and diversity of fishes were 

reduced below hydroelectric dams when compared with unmodified stream segments.  

Daily peaking flows below hydroelectric dams can cause rapid shifts in water 

temperatures and depth and can lead to unstable instream structure (Bain et al. 1988).  

In addition to changing flow and thermal regimes, peaking flows can scour and 

erode banks, increase downstream sediment loading, and can result in habitat 

degradation, reduced productivity, and behavioral changes in fish.  Fine sediments clog 

interstitial spaces between coarse substrates and reduce the amount of clean cobble and 

gravel substrates, which can negatively affect crevice spawning species (Sutherland et al. 

2002).  Excessive bank erosion and high turbidity leads to reduced feeding efficiencies of 

sight-feeding fish and can reduce the ability of fish to rely on visual cues for reproduction 

(Sutherland 2007; Zamor and Grossman 2007).  Suspended sediments affect the amount 
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of light reaching primary producers and can modify food webs by altering primary 

biomass production (Schofield et al. 2004).  

Native fish declines in the southeast are attributed to habitat alteration, isolation, 

and fragmentation of fish populations.  Warren et al. (2000) found that 6% of extant 

southern fish species are endangered, 7% are threatened, and 15% are considered 

vulnerable. Sources of habitat alteration in stream systems include channelization, 

impoundments, sedimentation, and flow modification (Warren et al. 2000).  The 

Tennessee River Basin is one of the most heavily altered river basins in the county and 

contains 49 dams and reservoirs that are managed by the Tennessee Valley Authority 

(TVA) (Bohac and McCall 2008).  The Elk River, a large tributary of the Tennessee 

River, is impounded at two locations and  supports two federally endangered species, the 

Boulder Darter (Etheostoma wapiti) and the Cracking Pearly Mussel (Hemistena lata). 

 The Boulder Darter is restricted to the Elk River basin in south-central Tennessee 

and north-central Alabama and is currently listed as an endangered species under the 

Endangered Species Act of 1973.  Several factors have contributed to the decline of 

Boulder Darter populations, especially habitat alteration and the species’ specialized 

habitat requirements (USFWS 1989).  The Boulder Darter is currently known from 

approximately 100 km of the main channel of the Elk River and in the lower reaches of 

three major Elk River tributaries: Shoal Creek, Indian Creek, and Richland Creek.  Due 

to a lack of pre-impoundment records, the historical range of Boulder Darters is 

unknown; however, they were thought to have inhabited the Tennessee River and some 

of its larger tributaries (USFWS 2011) and were likely present throughout the mainstem 

Elk River prior to the construction of Tims Ford Dam (TFD) (C. Saylor, TVA , personal 
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communication).  The presumed extirpation of Boulder Darters from much of its 

historical range is thought to be caused by sedimentation, pollution, and impoundments 

(USFWS 2011).  The distribution of Boulder Darters in the Elk River basin has been 

suppressed by altered flow and thermal regimes below Tims Ford Dam on the Elk River 

(USFWS 1989).  In recent years there has been a substantial amount of monitoring and 

management activity targeting Boulder Darters.  What has been lacking is current 

research to improve knowledge of the distribution patterns and micro- and macro-habitat 

use by this species; such information can then be used to guide management strategies to 

conserve the species.  

Boulder Darters, like other members of the subgenus Nothonotus, prefer areas 

with swift current and firm, coarse substrate (Wood 1996).  Characteristic of the 

subspecies group maculatum, Boulder Darters use large boulders or slab rock for 

depositing eggs during spawning (O’Bara and Etnier 1987).  Laboratory studies 

conducted by Burkhead and Williams (1992) indicated that Boulder Darter nesting sites 

were located exclusively in interstitial spaces between rocks.  When interstitial spaces 

were no longer available because of sedimentation, Boulder Darters abandoned those 

areas (Burkhead and Williams 1992).  The spawning season of Boulder Darters was 

found to be fairly consistent from year to year, generally spanning a six-week period 

from late-April to mid-June (Rakes and Shute 2001).  Due to spawning habitat 

specificity, this species is presumably sensitive to changes in flow, temperature, and 

sedimentation caused by the operations of Tims Ford Dam and land use practices in the 

surrounding watershed (USFWS 2011).  
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The U.S. Fish and Wildlife Service (USFWS) and TVA reached an agreement in 

2006 to modify operations at Tims Ford Dam to emulate natural flow regimes and 

temperatures in the mainstem Elk River (USFWS 2011).  The TVA adopted a structured 

decision making approach in 2007 to determine which combination of spilling, sluicing, 

and hydroelectric generation would create flow and temperature conditions suitable for 

Boulder Darters during the spawning and rearing season, while maintaining appropriate 

temperatures for stocked trout in the tailwater immediately downstream from Tims Ford 

Dam (USFWS 2011).  The altered dam operations were expected to improve conditions 

for warmwater fishes in the Elk River from Fayetteville, Tennessee, to Gallus Island in 

Limestone County, Alabama, a distance of about 100 km representing the current known 

range of Boulder Darters.  The operational modifications also were anticipated to 

improve flow and temperature conditions in the mainstem Elk River from Fayetteville 

upstream to its confluence with Beans Creek, a reach of about 50 km.  The confluence of 

Beans Creek and the Elk River is currently the natural break between coldwater and 

warmwater habitat in the tailwater (Figure 1).  Improving environmental conditions in the 

Fayetteville – Beans Creek reach will presumably provide an additional 50 km of habitat 

suitable for possible recolonization by Boulder Darters (USFWS 2011).  

Effective monitoring programs designed to assess the status and dynamics of a 

species require accurate baseline distribution models.  Abundance estimates are 

commonly used to monitor fish communities and how they respond to changes in 

environmental conditions; however, abundance estimates of endangered or rare species 

are often imprecise or biased because detection rates can be low as a result of rarity and 

local scarcity.  Occupancy modeling is an efficient and effective method for assessing the 
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status and distribution of rare species and for evaluating the influence of biotic and 

abiotic factors (e.g., species traits, site-, and habitat-level characteristics) on species 

occurrence (MacKenzie et al. 2002).  Additionally, occupancy modeling approaches can 

be used to account for biases associated with incomplete detection of species.  Failing to 

account for detection biases (i.e., false absences) can bias estimates of the  probability of 

occurrence (MacKenzie et al. 2002) and obscure relationships between covariates of 

interest and the probability of occurrence (Tyre et al. 2003). Additionally, occupancy 

modeling approaches have been developed that allow the use of community data (i.e., 

multi-species) to improve estimates of probability of occurrence for each species (Zipkin 

et al. 2010).  Multi-species occupancy models provide powerful information regarding 

community composition (e.g., species richness) and increase precision of species-specific 

estimates of occurrence (Kery and Royle 2008). 

The goals of this research were to describe the distribution of Boulder Darters in 

the Elk River and identify which factors, if any, influenced their occurrence and 

detection.  Identifying factors influencing the distribution of Boulder Darters in the Elk 

River will help guide ongoing efforts to monitor the response of Boulder Darters to 

changing environmental conditions following operational changes at Tims Ford Dam. 

Because Boulder Darters are rare and difficult to detect during routine sampling, multi-

species occupancy models are the best method to determine where this (and other) darter 

species occur and which covariates affect occurrence and detection.  The Elk River 

harbors a diverse fish assemblage, including sixteen darter species (Teleostei: Percidae) 

(C. Saylor, TVA, personal communication).  Modeling the probability of occurrence of 

all darter species in the Elk River will provide precise estimates of species-specific 
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occupancy and detection probabilities, as well as information on spatial differences in 

species richness and community composition.  

 The specific objectives of this study were to: 1) determine the current distribution 

of Boulder Darters in the Elk River, 2) describe the microhabitat use of Boulder Darters, 

3) use a multi-species occupancy modeling approach to estimate the probability of 

occurrence and detection of darters, and 4) estimate species richness at each study site 

using occupancy modeling results.  
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CHAPTER 2 

STUDY AREA 

 

The Elk River is a large tributary of the Tennessee River draining an area of 5,824 

km
2
 in south-central Tennessee and north-central Alabama (Shepard et al. 2005).  From 

its headwaters in Grundy County, Tennessee, to the border of Limestone and Lauderdale 

Counties in Alabama, the Elk River is 320 km long (Jandebeur 1972).  The Elk River 

flows through the Central Basin of the Tennessee Valley district and then into the 

Highland Rim physiographic area (Isom et al. 1973).  Streams in the Highland Rim are 

characterized by moderate gradients with substrates of gravel, sand, and bedrock (Etnier 

and Starnes 1993).  The Highland Rim contains one of the most diverse fish faunas of 

any area of comparable size in North America (Etnier and Starnes 1993).  According to 

the Tennessee Department of Environment and Conservation (TDEC), the riparian area 

of the Elk River is primarily cultivated crops and pastureland for hay. 

Tims Ford Dam, located near Tullahoma, Tennessee, was created in 1970 by the 

Tennessee Valley Authority for recreation, hydroelectric generation, and flood control for 

the city of Fayetteville, Tennessee (TVA 2008).  Tims Ford Dam has one large 

operational generating unit (45 MW), a smaller but inoperable secondary turbine, a 

spillway with three bays, and a sluiceway with vertical slots that can be opened to release 

water (TVA 2008).  During full power generation, turbine discharge is approximately 100 

m
3
/s (TVA 2008).  Operation of  the turbine releases clear, hypolimnetic water that 

creates cold water habitat for about 20 km downstream (USFWS 2011).  The cold 

tailwater supports a popular hatchery-supported rainbow trout (Oncorhynchus mykiss) 
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and brown trout (Salmo trutta) fishery managed by the Tennessee Wildlife Resources 

Agency (TWRA).  Whereas temperatures in the upper tailwater are suitable for trout 

(Bettoli and Besler 1996), temperatures are below those needed for native warmwater 

fish and mussel species to thrive in the Elk River (USFWS 2011).  Above Tims Ford 

Lake, the Elk River is impounded by Woods Dam creating Woods Lake in Franklin 

County, Tennessee.  Downstream of Tims Ford Dam, Wheeler Lake, a mainstem 

reservoir on the Tennessee River in Alabama, inundates the first 45 river km of the main 

stem of the Elk River (Shepard et al. 2005).  Prior to changes in operations of Tims Ford 

Dam in 2007, peaking flows caused depths downstream to vary up to 1.5 m during full 

power generation (Shepard et al. 2005), and discharged water was hypoxic during periods 

of stratification in the reservoir.  Hydropeaking also suppressed water temperatures 

throughout the mainstem of the Elk River and into the Tennessee River (TVA 2008).  To 

improve downstream water quality, TVA pumps liquid O2 through hoses anchored in the 

forebay (TVA 2008). 
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CHAPTER 3 

METHODS 

 

Site Selection 

 

I chose sampling locations (hereafter, sites) in the Elk River mainstem between 

Tims Ford Dam and Wheeler Reservoir and in three large tributaries (Beans Creek, 

Richland Creek, and Mulberry Creek; Figure 1).  I selected sites based on the presence of 

suitable darter habitat, accessibility by road or boat, and wadeability.  All sample sites 

were generally representative of the physical habitat typical of wadeable riffle-run 

sequences in the mainstem Elk River, with each site containing varying amounts of the 

following mesohabitat types: edgewaters, riffles, runs, and eddies or wadeable pools. 

Following  Bain and Stevenson (1999),  I classified edgewaters as areas of low water 

velocity that were associated with stream channel margins and mid-channel gravel bars 

and islands.  Riffles were areas of moderate to swift velocity with some turbulence and 

substrates consisting of gravel, cobble, and pebble that were often partially exposed at 

base flow.  Runs were non-turbulent areas with moderate to swift current velocity that 

were moderately shallow but deeper than riffles.  Eddies or backwater pools were areas 

with fine sediments typically created by scouring around boulders, roots, or woody debris 

that were typically deeper than 30 cm.  

 

 

 



 

 

11 

 

Fish Collection 

 

Although direct observation via snorkeling is routinely used to sample benthic 

river fish in wadeable streams (Osier and Welsh 2007; Poos et al. 2007; Davis and Cook 

2010), snorkeling is not feasible in areas with swift currents, deep water, or low visibility 

(Poos et al. 2007).  Electrofishing and seining are common techniques for sampling small 

benthic fish in large rivers (Brosse et al. 1999; Scholten 2003).  Protocols developed by 

the TVA for backpack DC electrofishing and seining (C. Saylor, TVA, personal 

communication) were employed to survey 39 sites in 2011 and 2012 between the months 

of April and November.   

At each study site, multiple samples (hereafter, quadrats) were collected in stream 

reaches of varying lengths (approximately 100-200 m).  Reach length varied at each site 

based on habitat heterogeneity and wadeability, and multiple quadrat samples were taken 

in each of the wadeable mesohabitats.  Fishes were collected using a Smith-Root model 

LR-24 backpack electrofishing unit and a seine (3 m x 2 m; 1/2 cm delta knotless). 

Sampling began at the lower end of each site, and quadrats were placed in a zigzag 

pattern moving upstream in representative mesohabitats at each site.  Each quadrat was 

approximately 9 m
2
 and was bounded on the downstream side by the seine which acted as 

block net.  Backpack electrofishing commenced at the upstream side of the quadrat and 

proceeded downstream throughout the entire 9 m
2
 area, with all stunned fish collected in 

the seine (Fisher 2008).  In addition to electrofishing, kick sets (i.e., disturbing the 

substrate with kicks upstream of a seine) and seine hauls were conducted in eddies and 

stream margins.  For all quadrat samples, a colored marker (a heavy metal washer with 
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pink flagging tape attached) was placed at the bottom left corner of each quadrat in order 

to relocate each quadrat to record habitat parameters (see below).  All collected fish were 

identified to species and enumerated, and all Boulder Darters were measured for total 

length (TL, mm), photographed, held in a floating minnow bucket until fully recovered, 

then released.  

 

Site Characteristics and Physical Habitat Measurements 

 

 Following fish sampling, individual quadrats were relocated using the colored 

markers and each 9 m
2
 quadrat was divided into four quadrants.  In each of the four 

quadrants the following habitat characteristics were measured: depth, velocity at stream 

bottom and at 0.60 of stream depth, dominant and subdominant substrate, distance to 

nearest shore, degree of siltation, amount of vegetation, presence of wood structures, 

habitat type, and sampling method.  Depth (m) and velocity (m/s) were measured using a 

Marsh-McBirney Flo-Mate model 201 portable velocity meter equipped with a top-

setting wading rod.  Dominant and subdominant substrate types (i.e., the two most 

common substrate types) were visually estimated using the modified Wentworth scale: 

bedrock (> 30 cm with no exposed edges), boulder (> 30 cm), cobble (2.5-30 cm), gravel 

(0.2-2.5 cm), sand (< 0.2 cm), silt (material that could be suspended in water column), 

and debris or organic material (Grossman and Ratajczak 1998).  Distance to nearest shore 

was measured using a Bushnell Yardage Pro Sport Model 450 range finder.  Siltation was 

visually estimated based on Ohio EPA QHEI metrics of silt free, normal, moderate, or 

high (OHEPA 2006).  Vegetation density was visually estimated as high, moderate, low, 
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or none, depending upon the proportion of the quadrat that was covered by vegetation.  

Presence of woody structure, defined as a root wad or submerged log that was at least 10 

cm in diameter and that substantially affected flow patterns in the quadrat, was recorded 

as a binary variable (present = 1; absent = 0).  Mesohabitat type was classified according 

to the definitions described above.  Additionally, the fish sampling method that was used 

in each quadrat sample was recorded (i.e., electrofishing, seine haul, or kick set). 

Water temperature (°C) and dissolved oxygen concentrations (mg/L) were 

measured at the center of each site using a handheld Yellow Springs Instrument model 

550.  Habitat-level parameters measured at each quadrat were extrapolated to estimate 

site-level characteristics including: percent habitat type, degree of siltation, presence or 

absence of coarse substrate, and amount of vegetation.  Habitat information collected at 

each quadrat was used to estimate the percent of each habitat type and degree of siltation 

at a site; thus, I assumed that the proportion of mesohabitats and silt conditions present in 

quadrat samples were representative of site-level conditions.  The presence of bedrock, 

boulder, and cobble was coded as a binary variable: 1 if that substrate type was dominant 

in at least one quadrat at a site, 0 otherwise.  Sites with moderate or high amounts of 

vegetation in the majority of quadrat samples were coded as 1 (and 0 otherwise). 

Spatial data summarized for each site included: link magnitude, downstream link 

magnitude, distance from Tims Ford Dam, adjacent land use, and sample location (i.e., if 

the site was in a tributary or within 1 km of a major tributary).  Link magnitude, 

downstream link magnitude (i.e., link magnitude at the next downstream confluence), 

distance from Tims Ford Dam, and distance to nearest major tributary was measured in 

ArcGIS 10.0 by tracing over a Tennessee stream use attainment layer created by TDEC. 



 

 

14 

 

Adjacent land use was determined at each site using a 2001 National Land Cover raster 

file. 

 

Species Characteristics 

 

One of my objectives was to evaluate the influence of species-level characteristics 

on darter occupancy and detection.  I assigned a suite of life history traits to each of the 

15 darter species and developed hypothesized relationships between each trait and the 

probability of occupancy and detection.  Each trait was categorized into one of two 

themes: reproductive strategy and stream size preference (Table 1). The reproductive 

strategy trait included whether or not a species used boulder substrates during spawning 

for egg deposition or as a velocity shelter. I used published species accounts (Page 1983; 

Etnier and Starnes 1993; Boschung and Mayden 2004) to create binary variables 

representing the stream size preference of each species (i.e., the stream size that generally 

supports the highest density). Based on the stream size preference of each species, I then 

assigned each species to one of three darter assemblage groups: small stream species, 

moderate or large river obligates, or cosmopolitan species.  Small stream species were 

defined as those species that tend to be more common in small streams (i.e., 1
st
 to 3

rd
 

order streams) but occasionally inhabit moderate to large rivers (i.e., > 3
rd

 order streams).  

Fish species that only occur in moderate to large rivers were considered moderate or large 

river obligates. Lastly, fish species that could inhabit a wide variety of stream sizes, and 

in high abundance, were placed into the cosmopolitan group. 
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Boulder Darter Microhabitat Use 

 

Habitat characteristics were summarized for quadrats where Boulder Darters were 

captured.  Relative frequency histograms showing habitat use of Boulder Darters in all 

capture locations were created.  

 

General Modeling Approach  

 

I used a state-space (hierarchical) formulation of single-season patch occupancy 

models (MacKenzie et al., 2002; Royle and Dorazio 2008) to estimate the relationships 

between site-, habitat-, and species-level characteristics and the probability of occupancy 

and detection for 15 darter species native to the Elk River.  Generally, patch occupancy 

models produce estimates of two probability-based parameters: detection (p), which is 

defined as the probability of detecting a species given that it is present at a site and 

available for capture, and occurrence ( ), which is the probability that a species is 

present at a site during sampling (MacKenzie et al. 2002).  Assuming species occupancy 

status is constant across replicate visits, occupancy and detection can be jointly modeled 

using a binomial likelihood.  The main assumptions associated with occupancy models 

include: (1) sites are closed to changes in occupancy (e.g., immigration or emigration) 

during sampling, (2) species are not falsely detected (i.e., species are not misidentified), 

and (3) detections of species are independent across replicate surveys.   

Rare species are difficult to sample and often yield inadequate sample data due to 

low rates of occupancy, low detectability, or both, which limits the usefulness of 
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conventional single-species occupancy models.  Hence, I used multi-species occupancy 

models, an extension of conventional single-species occupancy models, for my analysis. 

Multi-species occupancy models are particularly useful for evaluating species-level 

occupancy patterns in communities with rare or endangered species (Zipkin et al. 2009). 

Even small amounts of data associated with rarely encountered species can greatly 

improve the estimation of community-level responses, which would otherwise be 

difficult to estimate using single-species models (Zipkin et al. 2009).  Additionally, these 

models can be used to identify diversity hotspots and provide information about 

communities such as species richness, which can be used to evaluate the community-

level effects of management actions or disturbances.  

Conventional occupancy studies are usually conducted by repeatedly sampling 

sites (e.g., multiple visits within a few days).  In many ecological studies, it can be 

difficult to conduct surveys with repeat visits because of financial and time constraints.  I 

used a space-for-time approach to generate repeat sample data, which is required for 

estimation of species detection probabilities.  In this approach, each quadrat was 

designated a separate visit; thus, detection was defined as the probability of detecting a 

species within a quadrat given that the species was present at a site (Hagler 2006; 

Albanese 2007; Anderson et al. 2012).  When treating each quadrat as a “visit” it is 

important to determine if similar detection probabilities would be estimated with repeat 

visits to a site (i.e., sampling the site again with a different set of quadrat samples), 

because a space-for-time approach required the assumption that the availability of fish for 

capture in each quadrat did not differ substantially depending upon the spatial 

configuration of quadrats.  If availability was different between repeat-surveys, species 
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detection and occurrence at a site could be biased.  Because darter species are relatively 

immobile over short time periods (i.e., hours or days), I assumed that sites were closed to 

changes in species occupancy during sampling at a site.  Due to the distinguishing 

characteristics among darter species in the Elk River, I believe that the probability of 

misidentification in the present study was minimal (i.e., species were not detected where 

they did not exist).  Lastly, consecutive quadrats were sampled while moving in an 

upstream direction, thereby reducing the possibility of recapturing the same individuals in 

more than one quadrat. 

 

State-Space Formulation 

 

I used a state-space (hierarchical) formulation of patch occupancy models (Royle 

and Dorazio 2008).  I defined the state process zij as a Bernoulli random variable 

representing the true underlying  occurrence status of species j at  site i that took a value 

of  “1” when the species was truly present and “0” otherwise.  The state process model 

was denoted by zij ~Bernoulli (   ), where     represented the probability that species j 

occurred at site i.  

 The observation of true species occurrence in most ecological surveys is 

confounded by incomplete detection, which can lead to underestimation of occupancy 

(MacKenzie et al. 2002; Tyre et al., 2003).  To distinguish between species absence and 

non-detection, I used detection and nondetection data from replicate quadrat samples to 

develop a detection model for the observed data yijk , collected at 39 sample sites (Table 

2).  I defined the detection or nondetection of species j at site i during quadrat sample k as 
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a Bernoulli random variable, denoted by yijk ~Bernoulli (     zij), where yijk represented 

the detection (yijk = 1) or nondetection (yijk = 0) of species j during quadrat sample k at 

site i, and      was the probability of detecting species j in quadrat k at site i, given that 

species j was present at site i (zij = 1).  

 

Random Effects 

 

The probability of detection and occupancy likely varied among species as a 

function of unknown, unmeasured covariates (i.e., species-level dependence). For 

example, occupancy and detection may have varied among species because of differences 

in abundance (higher abundance = higher detection).  I also suspected that the probability 

of detection and occupancy of darters may have varied among sites as a function of 

unknown site-level covariates (i.e., spatial dependence).  For example, some sites may 

have possessed unmeasured biotic or abiotic characteristics that made them more or less 

likely to harbor darter species than other sites.  Hence, I used a global (all parameters) 

model to assess the relative support of seven different error structures representing 

different combinations of random effects: (1) no random coefficients, (2) species-level 

random effects associated with the occupancy and detection intercepts, (3) a species-level 

random effect associated with the occupancy intercept, (4) a species-level random effect 

associated with the detection intercept only, (5) site-level random effects associated with 

the detection and occupancy intercepts, (6) a site-level random effect associated with the 

occupancy intercept, and (7) a site-level random effect associated with the detection 
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intercept.  All random components were assumed to be normally distributed with a grand 

mean intercept and random-effect specific variance.  

 

Model Fitting and Selection 

 

My primary objective of modeling was to determine the relative influence of site-, 

habitat-, and species-level covariates on darter species occupancy and detection in the Elk 

River.  Covariates that may have affected occupancy and detection were selected based 

on the literature and represented a series of a priori hypotheses (Table 3).  Detection 

models were constructed to estimate species-specific detection probabilities as a function 

of multiple habitat-level covariates (i.e., sampling method, bottom velocity, depth, 

substrate types, amount of vegetation) that varied among quadrats.  Additionally, because 

I used a space-for-time sample design, species detection probabilities may also have 

varied depending upon the spatial configuration of replicate quadrat samples at a site.  

For example, it was possible that some species were unavailable for detection in a given 

quadrat simply because they did not occur in that quadrat (i.e., they were unavailable for 

capture).  Among-quadrat variation in availability could have contributed to a biased 

estimation of detection (i.e., species appeared to be more or less difficult to detect than 

they really were) and occupancy probabilities.  To evaluate the effects of quadrat 

configuration on species detection probabilities, I randomly selected two sites for 

additional surveys (i.e., repeat sampling) and included a repeat-visit covariate in the 

detection model.  By sampling sites on separate occasions over a short time period, I 

could safely assume that the occupancy state of species at these locations did not change.  
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Therefore, any differences in detection probability among repeat-visits could be 

attributed to differences in the spatial configuration of quadrats during a sampling event. 

Because only two sites were used to evaluate differences in detection between repeat-

surveys, I simulated two datasets representing moderate and extreme differences in 

detectability across repeat visits at two study sites. If the occupancy model could estimate 

the known differences in detection across repeat visits, I assumed that my study design 

was adequate to detect differences in detection between repeat surveys.   

Probability of occurrence of species j at site i was modeled as a function of site-level 

covariates (i.e., distance from Tims Ford Dam, amount of silt, substrate type, and whether 

the site was in a tributary or within 1 km of a major tributary) and species-level 

covariates (i.e., whether individual species were moderate or large river obligates, small 

stream species or a cosmopolitan species, and whether boulders were used during 

spawning).  A binary variable was created where 1 denoted a site that had moderate to 

high levels of silt and 0 otherwise.  I also used binary variables to designate whether two 

types of substrate (i.e., cobble and boulder) were dominant in at least one quadrat at a site 

(present = 1, otherwise 0).  Distance to the nearest major tributary was also recorded as a 

binary variable (1 if the site was in or within 1 km of a major tributary, otherwise 0). 

Similarly, a binary variable was used to classify sites that were in tributaries (coded 1) or 

the main channel (coded 0).  

To begin the modeling process, a set of global detection and occupancy models that 

contained all covariates was first run to evaluate the relative fit of the seven different 

error structures described above.  After the best-approximating error structure was 

determined, I then created a candidate set of 30 detection models that included the global 
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occupancy model.  I selected the best approximating error structures and detection 

models using the Deviance Information Criterion (DIC; Spiegelhalter et al. 2002).  The 

DIC is a measure of model fit that is used to compare hierarchical models, with lower 

DIC values indicating better predicting models.  The DIC is often computed as the 

posterior mean value of the deviance (-2*log likelihood) plus the effective number of 

parameters in a model (pD) (Spiegelhalter et al. 2002).  Alternatively, the DIC can be 

calculated as the posterior mean value of the deviance plus pV, where pV is a measure of 

model complexity that incorporates the effective number of parameters (i.e., fixed and 

random coefficients).  I used pV to calculate the effective number of parameters in each 

model following Gelman et al. (2004). 

The best-approximating error structure and detection model was then used to fit 38 

candidate occupancy models that represented various combinations of site- and species-

level covariates.  To avoid multicollinearity, covariates with a Pearson Correlation 

Coefficient greater than       were not used in the same detection or occupancy models.  

To facilitate model-fitting, I standardized all continuous covariates with a mean of zero 

and standard deviation of one.  I used Markov Chain Monte Carlo (MCMC) simulations 

implemented in OpenBugs software, version 3.2.2, to fit the candidate multi-species 

occupancy models (Lunn et al. 2009).  All models were fitted using 250,000 iterations 

with burn-in of 75,000 iterations (i.e., the first 75,000 iterations were discarded).  To 

evaluate MCMC convergence, I used the Gelman-Rubin diagnostic, which calculates the 

ratio of variance within and between chains across all iterations (Gelman et al. 2004).  I 

used DIC to select the best-approximating multi-species occupancy models and 

developed a confidence model set as those models with  DIC less than 4 following 



 

 

22 

 

Burnham and Anderson (2002).  To aid interpretation, I also calculated DIC weights, 

which range from zero to one with the best-approximating candidate model having the 

highest weight.  The ratio of DIC weights can be used to assess the degree of evidence for 

selecting one model over another.  

I based all inferences on parameter estimates from the confidence model set.  The 

precision of each random and fixed effect in the confidence models was assessed by 

calculating 90% credible intervals, which are comparable to 90% confidence intervals.  I 

also calculated odds ratios (OR) for each parameter in the best-approximating model.  An 

odds ratio represents the change in the odds of an event occurring for each unit change in 

a predictor variable.  With respect to occupancy modeling, the odds of occurrence can be 

calculated as: 

                    
                         

                            
 

 

Because I standardized all continuous predictor variables, a single unit of measure for 

these covariates was one standard deviation.  Cosmopolitan species served as the baseline 

for estimating species occupancy; thus, the covariate “km below TFD” represented the 

interaction between cosmopolitan species occupancy and distance from TFD, whereas the 

occupancy model intercept represented the cosmopolitan species main effect.  Therefore, 

one unit of measure was one standard deviation of the measured distance from Tims Ford 

Dam for all 39 sites that I sampled, or 37 km (Table 2).  For example, if the probability of 

occurrence for cosmopolitan species at a site 71 km below TFD was 0.88, the odds of 

occurrence at this location was 0.88/ (1-0.88) = 7.33.  Similarly, if the probability of 
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occurrence for cosmopolitan species 37 km further downstream (at 108 km below TFD) 

was 0.80, the odds of occurrence at this location was 0.80/ (1-0.80) = 4.00.  The odds 

ratio can then be calculated as the ratio of the two odds of occurrences, 4.00/7.33 = 

0.546.  Thus, the odds of occurrence for cosmopolitan species 108 km below TFD is 

0.546 times the odds of occurrence for cosmopolitan species 71 km below TFD.  More 

explicitly, in this example a one-unit increase in distance from TFD (i.e., 37 km) yields a 

change in odds of occurrence for cosmopolitan species of 0.546.  Lastly, I assessed the 

adequacy of the global model by calculating a Bayesian p-value following Zipkin et al. 

(2009).  Extreme Bayesian p-values (i.e., ≤ 0.05 or ≥ 0.95) indicate that a model does not 

adequately describe the data.  

 

Species Richness Estimation 

 

 One of my objectives was to estimate site-level species richness and evaluate the 

composition of darter assemblages at each of the 39 sites.  To estimate species richness, I 

used the best-approximating multi-species occupancy model (i.e., those models in the 

confidence set).  Species richness was estimated by summing the known and predicted 

latent occupancy states (i.e., zij’s) across species for each study site.  The ability to 

estimate species richness in this manner is an added benefit of using a state-space 

occupancy model formulation (Zipkin et al. 2009).  In addition to total species richness, I 

also estimated species richness in a similar manner for each of the three designated darter 

assemblage types (small stream species, moderate or large river obligates, and 
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cosmopolitan species at each site), which allowed for an assessment of spatial (among-

site) differences in darter assemblage composition. 
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CHAPTER 4 

RESULTS 

 

Fish Collection 

 

Thirty-nine sites were sampled at least once in 2011 and 2012 (Figure 1) and two 

sites were revisisted.  Across all sites and years, 955 quadrats were sampled (mean = 24.5 

quadrats per site).  Approximately 11,500 fish were collected representing 12 families, 27 

genera, and 56 species, including 15 darter species.  The most commonly collected darter 

species were Snubnose Darters Etheostoma simoterum (all sites), Redline Darters 

Etheostoma rufilineatum (38 of 39 sites), Greenside Darters Etheostoma blennioides (37 

of 39), and Banded Darters Etheostoma zonale (33 of 39).  The least commonly collected 

species were Ashy Darters Etheostoma cinereum (1 of 39), Bluebreast Darters 

Etheostoma camurum (2 of 39), Boulder Darters Etheostoma wapiti (9 of 39), and Gilt 

Darters Percina evides (9 of 39). 

 

Boulder Darter Distribution and Microhabitat 

 

Boulder Darters were collected at 9 of 39 sites (23%); six were historically occupied 

sites and three were sites not previously sampled (Figure 2).  Twenty-five Boulder 

Darters were collected in 21 quadrats (2.2% of all quadrats), and individuals were 

captured in 9.3% of quadrats at sites where there was at least one Boulder Darter was 

collected.  Microhabitat information from quadrats where Boulder Darters were captured 
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and the total length of each individual are summarized in Table 4.  Most Boulder Darters 

were captured in quadrats where the substrate was predominantly coarse (i.e., cobble and 

boulder) and they appeared to prefer those coarse substrates based on the relative 

frequencies of dominant substrate types in occupied and unoccupied quadrats (Figure 3).  

 

Multispecies Occupancy Models 

 

Error Structure, Goodness-of-Fit, and Convergence 

 

In my assessment of alternative error structures, I found evidence of species-level 

dependence in the occupancy and detection models, but I did not find any evidence of 

spatial dependence; thus, only species-level random effects associated with intercepts 

were included in the candidate occupancy and detection models.  The Bayesian p-value 

discrepancy measure (0.61) indicated that the global detection and occupancy model 

provided an adequate description of the data; thus, any subset of this model would not 

have a more extreme Bayesian p-value.  Visual assessment of MCMC convergence using 

the Gelman-Rubin diagnostic indicated that there was no evidence of lack of MCMC 

convergence for the global model.  Similar to the Bayesian p-value, the Gelman-Rubin 

diagnostic should not differ for any subset of the global model.  
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Model selection 

 

From the candidate set of 30 detection models paired with the global occupancy 

model, DIC model selection procedures resulted in a confidence set of two detection 

models.  The best-approximating model of species detection included five variables: 

whether the sample method was a kick set or seine haul, bottom velocity, depth, presence 

of bedrock or cobble, and high vegetation coverage (Table 5).  Based on DIC weights, the 

best-approximating detection model was 2X more plausible (i.e., wi of 0.67/wi of 0.33) 

than the next best-approximating model, which included all of the same variables except 

vegetation coverage.  Parameter estimates and 90% credible intervals from the best-

approximating detection model are reported in Table 6.  Parameter estimates from 

detection models in the confidence set indicated that darter species detection was 

negatively related to stream depth and the use of seine haul and kick set sampling 

(relative to electrofishing), and was positively related to bottom velocity, presence of 

bedrock and cobble, and high vegetation coverage (Table 6).  The estimate of the species-

level random effect indicated substantial differences among species in detection 

probabilities (Table 7 and Figure 4). There was no support for detection models that 

included the binary variable representing replicate visits at a site. Additionally, parameter 

estimates generated from the occupancy models using the two simulated datasets 

indicated that conducting repeat visits at only two study sites was sufficient for detecting 

moderate and extreme differences in species detection probability between repeat-visit 

surveys. Thus, I concluded that detection did not vary substantially with regard to spatial 

configuration of replicated quadrat samples at a site.  
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From the candidate set of 38 occupancy models paired with the best-approximating 

detection model and error structure, DIC model selection procedures resulted in a 

confidence set of three occupancy models.  The best-approximating occupancy model 

relating darter species presence to site-, habitat-, and species-level covariates included the 

variables km from TFD, cobble absent, high silt, moderate or large river obligate, small 

stream species, and two 2-way interactions: moderate or large river obligates x km below 

TFD and small stream species x km below TFD (Table 8). Based on DIC weights, the 

best-approximating model was 1.15X more plausible than the next best-approximating 

model (Table 8), which included the variables km below TFD, high silt, moderate or 

large river obligate, small stream species, and two 2-way interactions: moderate or large 

river obligates x km below TFD and small stream species x km below TFD.  The third 

occupancy model in the confidence set included: km below TFD, cobble absent, 

moderate or large river obligate, small stream species, and two 2-way interactions: 

moderate or large river obligates x km below TFD and small stream species x km below 

TFD.  There was little support for the remaining candidate models.   

Parameter estimates, 90% credible intervals, and odds ratios from the best-

approximating occupancy model are reported in Table 6.  Odds ratios (i.e., change in 

odds of occurrence) indicated that moderate or large river obligates were 0.05X as likely 

to be present and small stream species were 0.37X as likely to be present relative to 

cosmopolitan species (Table 6; Figure 5).  Parameter estimates for the two interaction 

terms (moderate or large river obligates x km below TFD and small stream species x km 

below TFD) indicated that moderate or large river obligates had a strong and positive 

relationship with distance from TFD, and small stream species had a negative 
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relationship to distance from TFD (Table 8; Figure 5).  Odds ratios indicated that 

moderate or large river obligates were 10X more likely to occur for every 37 km increase 

in distance downstream from TFD.  Odds ratios indicated that small stream species were 

0.49X as likely to occur for every 37 km increase in distance downstream from TFD 

(Table 6).  Odds ratios also indicated that cosmopolitan darter species were, on average, 

0.55X as likely to be present for every 37 km below TFD.  Darter species presence was 

strongly and negatively related to high levels of silt and the absence of cobble substrates 

(Figures 6 and 7).  Odds ratios indicated that all darter species were, on average, 0.46X as 

likely to be present in areas without cobble and 0.41X as likely to be present in areas with 

high silt (Table 6).  The combined effects of high silt and absence of cobble substrates 

had a significant negative effect on occurrence of the three darter assemblages (Figure 8). 

 

Species Richness 

 

Total darter species richness was relatively constant across the 39 sample sites and 

was not significantly related to distance below Tims Ford Dam (linear regression; R
2
 = 

0.0752; P = 0.0911; df = 1, 37; slope = -0.0078; intercept = 9.9848) (Figure 9).  The 

maximum estimated mean number of darter species at a site was 12.5 and the minimum 

number was 5.6; average species richness was 9.2 per site.  Assemblage richness of 

cosmopolitan species declined with distance below Tims Ford Dam, although this 

relationship was weak (R
2
 = 0.2958; P = 0.003; df = 1, 37; slope = -0.0114; intercept = 

6.7843) (Figure 10).  Assemblage richness of moderate or large river obligates increased 

with distance below Tims Ford Dam (R
2
 = 0.7744; P < 0.0001; df = 1, 37; slope = -
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0.0256; intercept = 0.8451). Conversely, assemblage richness of small stream species 

declined with distance below Tims Ford Dam (R
2
 = 0.7524; P < 0.0001; df = 1, 37; slope 

= -0.0220; intercept = 3.9084). 
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CHAPTER 5 

DISCUSSION 

 

Boulder Darter Distribution and Microhabitat 

 

 Three new Boulder Darter occurrences were identified in the mainstem of the Elk 

River in this study, increasing the number of known localities to 15 sites within the Elk 

River system in Tennessee.  However, I collected no Boulder Darters at three historically 

occupied sites.  Although a Boulder Darter range expansion was not documented during 

the course of this study, it is possible that the current upper extent of the species’ range is 

not limited to the confluence of Wells Creek and the Elk River (the current documented 

up-most range extent).  Boulder Darters are difficult to detect due to their scarcity; hence, 

they could occur in low densities outside of the documented range.  Although Boulder 

darters may have immigrated to (or emigrated from) some sites that I sampled during this 

study, many darter species are considered to be relatively immobile and unlikely to 

disperse quickly, particularly in a regulated river system where shallow water habitats are 

often limited during hydropower operations (Bain et al. 1988). 

 Regulated river systems are dynamic and exhibit high habitat diversity.  The 

distribution of fish in rivers can be influenced by biotic and abiotic factors as well as 

behavioral or life history characteristics.  The Elk River is a heavily regulated river 

system, and environmental conditions are strongly influenced by operations at Tims Ford 

Dam.  Dam operations can rapidly change habitat quantity and quality which can 

influence the distribution of fish.  The distribution of fish in the Elk River is likely 
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limited by thermoregulatory behaviors, hydrologic changes, and thermal regimes; 

however, the distribution of a fish species should represent its affinity for particular 

environmental conditions even within a highly regulated system.  The present study 

provides the first information regarding microhabitat use of Boulder Darters in the Elk 

River, and it is reasonable to assume (in the absence of any other data) that the 

microhabitats where they were collected represented their preferred habitats.  Future 

conservation efforts will benefit from a detailed assessment of macrohabitat throughout 

the mainstem Elk River in order to identify areas suitable for Boulder Darters.  

      Boulder Darters in the Elk River may exhibit ontogenetic shifts in habitat preferences.  

Young-of-year individuals (n = 3) were collected in areas of low velocity without large 

substrates in transition zones between riffle and pool habitats; whereas, adults were 

collected in swift currents with coarse substrates.  A larger sample size (especially of 

juveniles) is required to definitively test the hypothesis that habitat use differs among life 

history stages of Boulder Darters.  Shifts in habitat use by other darter species at different 

life stages have been documented.  Rosenberger and Angermeier (2003) found that 

different age classes of Roanoke Logperch (Percina rex), a federally endangered species, 

selected different habitats.  Adults preferred run and riffle habitat, sub-adults preferred 

lower water velocities, and young-of-year fish preferred shallow, stagnant backwaters.  

Similarly, juvenile Niangua Darters (Etheostoma nianguae) occupied shallower, lower-

velocity habitats than adults (Mattingly et al. 2003). If young-of-year and juvenile 

Boulder Darters prefer shallow, slow-water habitats, flow variability may be a limiting 

factor in stream reaches affected by hydroelectric peaking operations.  Overwinter 

survival of young-of-year Boulder Darters may also be affected by hydroelectric peaking 
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operations at Tims Ford Dam which occur from October to March.  Future studies should 

focus on habitat use of Boulder Darters at all life stages in order to effectively manage 

and restore critical habitat. 

 

Multispecies Occupancy Models 

 

  Reliable information regarding species occurrence and patterns in distribution is 

essential for effective conservation and management; however, surveys for rare or 

endangered species often yield too few detections to accurately estimate the probability 

of occurrence and detection (Zipkin et al. 2009).  To account for incomplete detection, 

data gathered from this study were integrated into a multi-species occupancy model to 

assess factors influencing patterns in occupancy and detection of darters.  Because 

detection is rarely equal to one, identifying factors affecting detection will improve the 

ability to maximize detection at a particular site in future monitoring efforts.  I was able 

to identify several factors that influenced detection of darters in the Elk River.  Relative 

to electrofishing, quadrat-level detection was substantially lower when kick set and seine 

haul sampling methods were used; however, these sample methods were only employed 

in edge water and eddy mesohabitats where darters (including Boulder Darters) were 

generally much less likely to occur.  Darter species detection in the present study did not 

differ substantially with regard to spatial configuration of quadrat samples (i.e., between 

repeat visits); thus, my results support the findings of others that treating each quadrat as 

an independent sample appears to be an effective method for estimating species detection 
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and patch occupancy when compared with repeatedly sampling at a single site (Hagler 

2006; Albanese 2007; Anderson et al. 2012).   

  I was able to identify several factors influencing probability of occurrence of darter 

species in the Elk River.  Darters were less likely to occur at sites where cobble substrates 

were absent or not dominant.  Many darter species use coarse substrates for reproduction, 

foraging, and as refuge during high flows (Hlohowskyj and Wissing 1986; Burkhead and 

Williams 1992; Harding et al. 1998; Tieman 2008).  For crevice spawning species such as 

Boulder Darters, interstitial spaces created by coarse substrate are required for egg 

deposition (Burkhead and Williams 1992).  Similarly, Tiemann (2008) found that 

abundance of Bluebreast Darters, a gravel spawning species, was positively correlated 

with the amount of cobble and boulder substrates, and they were seldom collected in 

habitats lacking those substrates.  Coarse substrates are essential foraging habitat for most 

benthic insectivores because benthic invertebrates are generally associated with larger 

substrates (Quinn and Hickey 1990).  Additionally, crevices between large substrates 

provide important refuge habitat for benthic fish species during high flows.  For instance, 

Harding et al. (1998) found that Rainbow Darters used large substrates as velocity 

shelters in all seasons.  The types of substrate used by darters denote habitat preferences, 

which can guide assessment and management of critical habitats.  However, conservation 

efforts could benefit from future studies that assess the role of competition and 

territoriality on microhabitat selection or resource partitioning among darter species.  

Hlohowskyj and Wissing (1986) found that Greenside Darters (Etheostoma blennioides) 

and Fantail Darters (Etheostoma flabellare) preferred large substrates; however, Fantail 

Darters selected smaller substrates when other darter species (Greenside and Rainbow 
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Darters) were present.  In addition to substrate, current velocity and water depth also play 

an important role in how different darter species partition habitat (Fullenkamp 2010).  

       As hypothesized, occurrence of darter species at a site in the Elk River was negatively 

affected by high silt levels.  Siltation in the form of suspended sediment can reduce the 

ability of stream fishes to rely on visual cues for reproduction, feeding, and predator 

avoidance (Ryan 1991; Sutherland 2007; Hazelton and Grossman 2009; Becker 2012).  

Becker (2012) found that high turbidity degraded anti-predator responses by Fountain 

Darters (Etheostoma fonticola), making chemical stimuli necessary for initiation of anti-

predator responses.  That study also revealed that even low turbidity increased the 

amount of time needed by Fountain Darters to initiate foraging and decreased prey 

consumption.  Taken together, those findings suggested that in turbid environments 

darters expend more energy foraging, thereby reducing energy available for other 

essential behaviors.  High silt loads can also reduce reproductive success of crevice 

spawning species.  For instance, high levels of suspended sediment reduced the spawning 

success of Whitetail Shiners (Cyprinella galactura), a crevice spawning species 

(Sutherland 2007).  Additionally, Boulder Darters in a laboratory setting abandoned 

interstitial spaces clogged by silt (Burkhead and Williams 1992).  Silt loads may have 

significant conservation implications for endangered species, particularly crevice 

spawning species such as Boulder Darters.  There was no evidence suggesting that the 

amount of silt at a site was related to distance from Tims Ford Dam; thus, the level of 

siltation at a site may represent a local effect, such as adjacent land use practices.  Some 

studies have found that stream fish assemblages vary due to local-scale geomorphic 
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processes that influence stream habitat and disturbance regimes rather than downstream 

gradients (Walters et al. 2003).  

      Species-specific stream size preferences appear to strongly influence the distribution 

of darters in the Elk River.  Although darter species share morphological characteristics, 

many species exhibit specific habitat requirements and are likely to respond differently to 

changes in environmental conditions.  The “km below TFD” variable represents a proxy 

for other environmental variables including stream size, primary production, and flow 

stability.  However, it is difficult to tease apart the relationships among these variables, 

particularly in a regulated river system.  Stream size strongly influences the distribution 

of stream fishes, with larger-order streams generally supporting greater species richness 

(Poff et al. 1997; Taylor et al. 2006).  This is of particular interest in regulated rivers 

where dam operations fundamentally shape river dynamics and change instream 

characteristics.  Fish species adapted for life in headwater streams may tolerate sites 

closer to dams because those reaches mimic conditions of headwater streams where 

shallow water habitats are often eliminated during times of high flows (Bain et al. 1988).  

Conversely, moderate or large river obligate species require more environmental stability 

and typically reside farther away from the dam where effects of flood pulsing and 

temperature changes can be attenuated across the downstream gradient.  I hypothesize 

that the patterns of darter stream size assemblage groups observed in the Elk River 

reflect, in part, the ability of a species to respond to rapid changes in flow and 

temperature across a downstream gradient.  
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Species Richness 

 

      Estimating community and species-level relationships among the 39 sample sites in 

the present study created a direct estimate of darter species richness in wadeable riffle-

run complexes in the Elk River.  Overall, total darter species richness in the Elk River 

was relatively constant in relation to distance from Tims Ford Dam, but darter 

assemblage richness patterns changed substantially moving downstream from the dam.  

Total species richness may not be a particularly important metric; however, the 

occupancy model framework allowed for improved estimates of occupancy for rare 

species, which I then used to determine assemblage richness for a subset of the 

community with lower densities (i.e., moderate or large river obligates). Moderate or 

large river obligate species (i.e., Boulder Darters, Gilt Darters, Ashy Darters, and 

Bluebreast Darters) are species of high conservation concern in the Elk River system. 

Thus, all moderate or large river obligate species in the present study can be used as 

surrogates representing a group of fish characterized by rarity and habitat sensitivity.  

 

Conclusions  

 

      It is important to have accurate information regarding the patterns in occupancy of 

target species when management actions can have a direct impact on the distribution of 

species or a group of species.  This study generated a snapshot of darter species 

distribution in the Elk River system and described the effects of biotic and abiotic factors 

on detection and occupancy of darters.  Modifications to dam operations that aim to 
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stabilize conditions in the tailwater could create more desirable environmental conditions 

for moderate or large river obligates, thereby facilitating upstream movements and 

subsequent recolonization of previously unsuitable stream reaches.  Knowledge of 

current species distributions and habitat-occupancy relationships is important for 

maintaining existing populations through habitat conservation activities and for 

identifying sites where new populations might become established via natural 

recolonization or reintroductions.  Although darter species in the Elk River have distinct 

patterns in occupancy in relation to distance from Tims Ford Dam, it is likely that local 

natural and anthropogenic disturbances affect distribution patterns in different ways.  

Additionally, rare and less mobile species appear to recover more slowly after local 

extinction events (Albanese et al. 2009).  Boulder Darters may respond slowly to 

improvements in habitat conditions as a result of altered dam operations; thus, future 

efforts to conserve the species should consider supplemental stocking as a strategy for 

range expansion in the Elk River.  As a result of the Clean Water Act, water quality in 

Shoal Creek, an Elk River tributary, improved significantly (USFWS 1989).  

Subsequently, approximately 5,000 hatchery-reared Boulder Darters were stocked into 

Shoal Creek since 2005 (P. Rakes, Conservation Fisheries Incorporated, personal 

communication).  In 2009, monitoring revealed evidence of natural reproduction and 

recruitment of Boulder Darters in Shoal Creek, and downstream dispersal from the 

stocking site was documented (USFWS 2009).  Provided conditions are suitable for 

Boulder Darters in some of the upper reaches of the Elk River, reintroductions may be a 

viable approach to expand the distribution of Boulder Darters in the mainstem Elk River.  
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Table 1: Scientific name and traits for the 15 darter species included in candidate 

occupancy and detection models relating stream size preference and reproductive strategy 

to probability of occurrence. The binary coding is 0 = “no” and 1 = “yes” 

Species 

Small 

Stream Cosmopolitan 

Large River 

Obligate 

Use of boulder 

for spawning 

    

 

Etheostoma blennioides 0 1 0 1 

Etheostoma blennius 1 0 0 0 

Etheostoma caeruleum 1 0 0 1 

Etheostoma camurum 0 0 1 1 

Etheostoma cinerum 0 0 1 0 

Etheostoma duryi 0 1 0 1 

Etheostoma flabellare 1 0 0 1 

Etheostoma jessiae 0 1 0 0 

Etheostoma nigripinne 1 0 0 1 

Etheostoma rufilineatum 0 1 0 1 

Etheostoma simoterum 0 1 0 1 

Etheostoma wapiti 0 0 1 1 

Etheostoma zonale 0 1 0 0 

Percina caprodes 0 1 0 0 

Percina evides 0 0 1 0 
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Table 2: Means, standard deviations (SD), minimum, and maximum value of continuous 

micro-, and macro-habitat covariates used to model darter species occupancy and 

detection.  

Characteristic Group  N  Mean   SD   Min   Max 

Bottom velocity (m/sec) Quadrat 955   0.19   0.02   0.01     1.25 

Depth (m) Quadrat 955   0.36   0.20   0.03     1.13 

Distance from Tims Ford Dam (km) Site 39 71.10 37.80 21.00 159.00 

Number of sites revisited (within 5 d) Site 2 
    

Number of sites with high silt Site 5   
   

Number of sites with no cobble 

present  
Site 9   

   

Number of sites with boulders 

present 
Site 24 

    

Number of Tributary samples Site 3   
   

Number of sites within 1 km of a 

major tributary 
Site 4          
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Table 3: A priori hypotheses regarding occupancy and detection patterns for darters in the 

Elk River system.   

 

Covariates Interpretation/hypothesis 

 

km below Tims Ford Dam 

 

 

 

Sites farther away from the dam are larger, have 

higher temperatures, potential for more habitat 

diversity, and more primary productivity.  

 

High silt 

 

  

Silt may clog interstitial spaces, disrupt fish behavior, 

and impair ability of fish to rely on visual cues for 

reproduction and feeding.  

Boulder present;                           

Cobble absent 

 

 

 

Many darter species use coarse substrates (i.e., 

boulder or cobble) for completion of life history 

processes (e.g., reproduction/feeding) 

 

Tributary sample;                           

1 km of a major tributary 

 

Darter assemblages likely differ in tributaries based 

on species-species traits. Areas within 1 km of a 

major tributary could be influenced by nutrient or 

sediment loading.  

 

Small stream specialist; 

cosmopolitan species; 

moderate/large river obligate  

Small stream species are more likely to be in tributary 

samples and closer to the dam where operations create 

conditions similar to headwater streams. 

Cosmopolitan species should inhabit a variety of 

habitats and should not be limited by location within 

the system. Moderate and large river obligates should 

be more commonly found farther away from the dam.  

 

Use of boulders during   

spawning  

 

Many darters require boulder substrates to fulfill life 

history processes 

Seine haul, kick-set 

 

 

Detection of a species is likely effected by sampling 

method. (i.e., electrofishing, seine hauls, and kick-sets 

may target certain species) 

Bottom velocity, depth 

 

 

Certain darter species have habitat preferences that 

could be described by velocity at stream bottom and 

depth (e.g., riffle, run, eddy) 

Cobble, slab rock, vegetation 

 

 

 

Type of substrate and amount of vegetation could 

affect our ability to detect a species (e.g. fish caught 

in areas dominated by slab rock are less likely to get 

stuck behind substrates) 
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Table 4: Mean, standard error (SE), minimum, and maximum total length of Boulder 

Darters collected from the Elk River during 2011-2012 and measured microhabitat 

variables at those quadrats where 25 Boulder Darters were collected. 

 

Mean (SE) Minimum 

 

Maximum 

 

Total length (mm) 57.6  (2.53)           35 

 

      90 

Depth (m)   0.37 (0.03)   0.14   0.63 

Bottom velocity (m/sec)   0.20 (0.02)   0.02   0.39 

Column velocity (m/sec)   0.52 (0.03)   0.35   0.88 
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Table 5: Deviance Information Criterion (DIC), posterior mean value of deviance, 

measure of model complexity (pV), ΔDIC and Deviance weights (  ) for the confidence 

set of detection models (paired with the global occupancy model) estimating darter 

species detection probability (p) in the Elk River, Tennessee. Only models with ΔDIC 

less than 4 are included.  

 

Candidate model DIC Deviance pV ΔDIC    
p(seine haul, kick set, depth, 

bottom velocity, bedrock, cobble, 

vegetation) 

6,972.85 6,405.00 567.85 0.00 0.67 

      p(seine haul, kick set, depth, 

bottom velocity, bedrock, 

cobble) 

 

6,974.23 6,435.00 539.23 1.38 0.33 
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Table 6: Parameter estimates, standard deviations (SD), upper and lower 90% credible 

intervals (CI), and odds ratios (OR) for the best-approximating multi-species occupancy 

(Ψ) and detection (p) models. 

Parameter Estimate  

  90% CI 

OR SD Lower Upper 

Detection (p) 

    Fixed Effects 

       Intercept -2.371 0.420 -2.895 -1.852 

    Seine haul -1.654 0.177 -1.883 -1.431 

    Kick set -0.958 0.192 -1.206 -0.714 

    Bottom velocity 0.149 0.035 0.104 0.193 

    Stream depth -0.284 0.035 -0.329 -0.240 

    Bedrock present 0.381 0.155 0.182 0.579 

    Cobble present 0.368 0.133 0.197 0.538 

    High vegetation 0.416 0.071 0.324 0.508 

 Random Effects 

       Intercept (species) 1.576 0.390 1.143 2.079   

      
      Occupancy (Ψ) 

    Fixed Effects 

       Intercept 2.021 0.627 1.222  2.766 

    km  below TFD
1
 -0.604 0.226 -0.893 -0.316 0.546 

   Cobble absent -0.766 0.389 -1.263 -0.270 0.464 

   High silt -0.898 0.445 -1.465 -0.328 0.407 

   Mod/large obligate -2.294 1.038 -4.160 -1.590 0.053 

   Mod/large obligate x km TFD 2.287 0.848 1.473  3.488 9.915 

   Small stream -1.048 0.963 -2.166  0.261 0.366 

   Small stream x km TFD -0.708 0.416 -1.233 -0.207 0.493 

Random Effects 

       Intercept (species) 1.487 0.657 0.805 2.333 

 
      1
Cosmopolitan species were used as a baseline of occupancy; thus, “km below TFD” 

represents the interaction between cosmopolitan species and km below Tims Ford Dam 

and the intercept represents the main effect.  
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Table 7: Species and corresponding species-specific intercepts (i.e., species-level random 

effects), standard deviations (SD), and 90% credible intervals (CI) used in detection 

models for the 15 darter species collected in the Elk River from 2011-2012.  

Species Estimate  

  90% CI 

SD Lower Upper 

E.  cinereum -4.720 1.157 -6.114 -3.120 

E. blennioides -1.531 0.095 -1.653 -1.411 

E. blennius -1.667 0.111 -1.810 -1.525 

E. caeruleum -3.338 0.310 -3.741 -2.944 

E. camurum -3.850 0.795 -4.877 -2.815 

E. duryi  -1.925 0.125 -2.086 -1.766 

E. flabellare -2.832 0.298 -3.234 -2.459 

E. jessiae -3.358 0.280 -3.718 -2.995 

E. nigripinne -3.624 0.410 -4.143 -3.080 

E. rufilineatum -0.119 0.073 -0.213 -0.025 

E. simoterum -0.654 0.075 -0.750 -0.558 

E. wapiti -2.643 0.275 -2.999 -2.294 

E. zonale -1.020 0.088 -1.133 -0.908 

P. caprodes -4.346 0.310 -4.744 -3.960 

P. evides -2.241 0.281 -2.620 -1.892 
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Table 8: Deviance Information Criterion (DIC), posterior mean value of deviance, 

measure of model complexity (pV), ΔDIC, and deviance weights (  ) for the confidence 

set of occupancy models, paired with the best-approximating detection model, estimating 

darter species occupancy (Ψ) in the Elk River, Tennessee. Only models with ΔDIC less 

than 4 are included.   

Candidate model DIC Deviance pV ΔDIC    

Ψ (km below TFD, large 

obligate, large obligate x km 

below TFD, small stream, small 

stream x km below TFD, cobble 

absent, high silt) p(seine haul, 

kick set, depth, bottom velocity, 

bedrock, cobble, vegetation) 

6,921.53 6,396.00 525.53 0.00 0.42 

 
     

Ψ (km below TFD, large 

obligate, large obligate x km 

below TFD, small stream, small 

stream x km below TFD, high 

silt) p(seine haul, kick set, depth, 

bottom velocity, bedrock, cobble, 

vegetation) 

6,921.80 6,394.00 527.80 0.27 0.37 

Ψ (km below TFD, large 

obligate, large obligate x km 

below TFD, small stream, small 

stream x km below TFD, cobble 

absent)  p(seine haul, kick set, 

depth, bottom velocity, bedrock, 

cobble, vegetation) 

6,923.18 6,397.00 526.18 1.65 0.19 
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 Figure 1: Fish sampling sites in the Elk River and its tributaries, 2011 and 2012. 
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Figure 2: Sample sites in the Elk River where boulder darters were captured between 2011 and 2012; three sites not 

previously sampled are circled. 
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Figure 3: The two most dominant substrate types in quadrats occupied and not occupied 

by E. wapiti at sites surveyed in their current known range in the Elk River.  
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Figure 4: Species-specific detection probabilities for 15 darter species collected in the Elk 

River system in 2011 and 2012, where species-specific intercepts correspond with those 

in Table 7. The vertical order of probability curves corresponds to the order of species 

listed to the right. 
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Figure 5: Predicted average probability of occurrence for the three Elk River darter 

assemblages with respect to distance downstream from Tims Ford Dam.  
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Figure 6: Predicted average probability of occurrence with respect to distance 

downstream from Tims Ford Dam at sites with dominant cobble substrate (solid line) and 

without dominant cobble substrate (dashed line) for the three Elk River darter 

assemblages. 
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Figure 7: Predicted average probability of occurrence with respect to distance 

downstream from Tims Ford Dam at sites with low to normal silt (solid line) and at sites 

with high silt (dashed line) for the three Elk River darter assemblages.  
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Figure 8: Predicted average probability of occurrence with respect to distance 

downstream from Tims Ford Dam at sites with cobble substrates and low to normal silt 

(solid line) and at sites with high silt and no dominant cobble substrate (dashed line) for 

the three Elk River darter assemblages. 
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Figure 9: Estimated mean total darter species richness at 39 sites in the Elk River system 

in 2011 and 2012.  
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Figure 10: Estimated mean species richness for the three darter assemblages at each of 

the 39 sites sampled in the Elk River in 2011 and 2012. Dashed lines represent regression 

trend lines of darter assemblage richness as a function of distance downstream from Tims 

Ford Dam.  
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APPENDIX  

LIST OF SAMPLING SITES  
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Table A.1. Location of 39 sites sampled in the Elk River system (Easting and Northing refer to 

UTM zone 16 coordinates), total number of E. wapiti collected at each site, presence of young-of-

year (YOY) at each site (1 if present, 0 otherwise), and total length (mm) of each individual. 

km below 

TFD        Date Easting  Northing 

Etheostoma wapiti 

Total YOY Total lengths  

  20.98   7/04/2012 563247.9 3886759.2     0 0 

   22.37   8/20/2011 560819.1 3886968.1 0 0 

   24.57   7/03/2012 559296.6 3888297.9 0 0 

   25.59   8/15/2012 559327.6 3889239.4 0 0 

   27.72   8/16/2012 558727.9 3887767.1 0 0 

   35.24   4/11/2012 554904.4 3888682.2 0 0 

   38.74 10/07/2011 553021.4 3888169.2 0 0 

   42.01   4/02/2012 550146.8 3887374.7 0 0 

   44.19   3/28/2012 550240.7 3888828.3 0 0 

   45.48   9/14/2012 548996.0 3888653.5 0 0 

   46.03   9/28/2012 548453.9 3888493.2 0 0 

   46.99   4/12/2012 547820.5 3888630.1 0 0 

   49.41   9/30/2011 548362.1 3890583.0 0 0 

   49.89   6/14/2012 548384.2 3892401.0 0 0 

   50.29   5/23/2012 547698.3 3891264.0 0 0 

   53.93   9/16/2011 547058.3 3888679.2 0 0 

   56.25   5/24/2012 545404.4 3889416.5 0 0 

   57.84   8/23/2011 544282.4 3889374.7 0 0 

   58.47   8/09/2012 544398.9 3888813.0 0 0 

   60.99   7/18/2012 543268.2 3888137.2 0 0 

   62.76   9/24/2012 542022.7 3887538.1 0 0 

   65.82   6/18/2012 540080.4 3886480.3 3 0 48,60,61 

  67.94   8/14/2012 539791.9 3888540.0 0 0 

   69.20   8/12/2011 539012.2 3888680.9 0 0 

   71.26   8/26/2011 537564.7 3888259.7 0 0 

   75.66   8/22/2012 535955.2 3888373.7 0 0 

   81.53   8/23/2012 534483.9 3888930.7 1 1 40 

  86.90   8/24/2012 534120.5 3890065.0 1 1 35 

  89.64   8/25/2011 531966.0 3889763.3 2 0 52,56 

  90.49   7/26/2012 531344.0 3889359.5 0 0 

   92.79   7/16/2012 530371.3 3887522.0 0 0 

 101.65   8/02/2012 525795.2 3886670.6 0 0 

 110.08   7/13/2012 523394.6 3883936.8 1 0 51 

118.53   6/19/2012 520080.6 3884001.4 2 0 56,70 

132.93   6/19/2012 510940.6 3878638.4 7 0 57,60,65,69,70,71,76 

143.18   8/01/2012 504701.4 3878091.3 0 0 

 145.59   7/31/2012 504880.1 3875470.2 0 0 

 152.13   6/20/2012 500999.6 3874603.4 3 0 56,64,90 

159.10 11/02/2011 498806.3 3871795.9 5 0 40,44,45,48,57 
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