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Report Summary 
This report demonstrates how recent advances in telemetry 
technology (for example, smaller tags, longer battery life, larger 
receiver memory, greater range) and new analytical techniques can be 
used to study the in situ thermal ecology of fish in and around a 
heated effluent. It also demonstrates how fish behavior in the field 
may reveal greater thermal tolerance than laboratory experiments. 
This report will be valuable to both electric power company 
environmental staff and government regulators. 

Background 
Laboratory-derived thermal tolerances of fishes frequently inform 
power plant thermal discharge regulations under section 316(a) of 
the Clean Water Act. If discharge-water temperatures exceed a 
threshold established by regulators, power plant operations can be 
curtailed. Criticisms of basing thermal standards on laboratory 
experiments include the employment of unrealistic test temperatures 
and the use of juvenile fishes. Moreover, in some field studies, fish 
often select water temperatures that do not agree with their 
laboratory-derived tolerances. 

Objectives 
The overall goal of this study was to collect field data on the behavior 
and thermal exposure of fish that resided in the vicinity of a thermal 
discharge, in order to 1) relate peer-reviewed, published thermal 
tolerances of several fish species to in situ observations of fish around 
the heated discharge of the Tennessee Valley Authority’s 
Cumberland Fossil Plant (CFP) on the Cumberland River; 2) 
mathematically model how fishes interact with that thermal plume; 
and 3) collect data that could be used by collaborators at Oak Ridge 
National Laboratory (ORNL) to develop thermal-stress models to 
determine if fish behavior allows for periods of stress recovery during 
movements in and out of warm and cool waters. (The results of the 
ORNL analysis will be published in 2015.) 

Approach 
A total of 56 fish were tagged, either externally or internally, with 
temperature-sensing ultrasonic tags. The tagged fish compirised 
Channel Catfish (Ictalurus punctatus), Smallmouth Buffalo (Ictiobus 
bubalus), Largemouth Bass (Micropterus salmoides), and Striped Bass 
(Morone saxatilis). An array of six submersible ultrasonic receivers 
(SURs) were deployed in the vicinity of the thermal discharge of the 
CFP to continuously record tagged fish temperatures during three  
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seasons (summer 2012, winterspring 2013, and summer 2013). Each 
summer, a temperature frequency histogram for each tagged species 
was compared to published data on its upper avoidance limit (UAL). 
Each season, variation in plume use by each species was statistically 
modeled as a function of abiotic and biotic variables, using 
generalized linear mixed-effects models. 

Results 
A long-term continuous acoustic telemetry array enabled the present 
analysis of the behavioral thermoregulation of fishes. In prior 
decades, ultrasonic arrays were not used near active industrial sites 
because of concerns about acoustical interference and poor receiver 
reception from entrained air, high water velocities, and proximity to 
heavy machinery. In the present study, data pretreatment eliminated 
false receptions. Further use of these technologies is expected in 
thermal-criteria development and other biological assessments. 

This study demonstrated that fish sedated with an electric cradle 
could be successfully handled and tagged during summer months at 
high water temperatures. The efficacy, at elevated temperatures, of 
the electric cradle versus traditional chemical sedatives was not 
tested. However, some mortality would be expected if chemical 
sedatives were used and fish were handled at elevated temperatures. 
In the present study, there was no evidence that any fish died after 
being sedated with the electric cradle and tagged. This study also 
demonstrated that if enough fish are collected from the vicinity of a 
heated plume and tagged, a sufficient number will remain in the area 
to provide data on how fish interact with the plume. In the present 
study, fishes in the vicinity of the CFP were regularly exposed to the 
potentially deleterious effects of the heated effluent. In many 
instances, however, fish still voluntarily sought out the heated 
plume—especially in winter-spring. 

Applications, Values, and Use 
Laboratory results suggest that brief fish exposures above critical 
thermal endpoints are not necessarily detrimental, and that full 
recovery can occur if the fish are able to return to tolerable 
temperatures. In the present study, some species occupied water 
temperatures above their published thermal tolerance limits for short 
periods of time. The continuous-telemetry approach used in this 
study also captured short-term movements of tagged fish into and 
out of the thermal plume. Such information is critical for the 
development of thermal-stress models. 

Keywords 
Thermal discharge 
Section 316(a) of the Clean Water Act  
Fisheries ecology 
Ultrasonic telemetry 
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Section 1: Introduction 
Laboratory-derived thermal tolerances of fishes frequently inform power plant 
thermal discharge regulatory requirements.  If water temperatures exceed a 
threshold established by regulatory authorities, power plant operations can be 
curtailed.  Criticisms of basing thermal standards on laboratory experiments 
include unrealistic temperature ranges, the use of juvenile fishes, or both [1], [2].  
Moreover, some field studies have demonstrated that fishes often select or 
tolerate water temperatures that do not agree with their laboratory-derived 
tolerances [3], [4].  In previous studies, fish distribution and abundance near 
power plant discharges were examined by using electrofishing gear [5], angling 
[6], [7], manually tracking tagged fish [8], or deploying rudimentary fixed-
receiver arrays to track tagged fish with tags [9].  However, recent advances in 
telemetry technology (e.g., smaller tags; longer battery life; larger receiver 
memory; greater range), modern-day computer processing, and mandatory re-
permitting of power plants to comply with the Section 316(a) of the Clean Water 
Act warrant a reconsideration of the thermal ecology of fishes in and around a 
heated effluent.   

Although many factors affect habitat selection, temperature is arguably the most 
important abiotic factor affecting fish [10]. Understanding how a fish apportions 
its time can help researchers understand its ecological requirements.  Several 
studies of centrarchids (sunfish) and salmonids suggested that food availability 
affected the temperatures that fish preferred [11], [12], [13].  Bevelhimer [14] 
demonstrated that the effects of temperature are ameliorated through a suite of 
responses even when temperature is not the primary driver of habitat choice.  
Fishes are poikilothermic and ambient water temperatures drive metabolic 
processes [15].  As water temperature increases, metabolic rates and oxygen 
consumption increase, oxygen solubility decreases, and hemoglobin affinity to 
oxygen decreases.  Hemoglobin affinities vary by species but few temperate fish 
species can tolerate extremely warm water temperatures, which are generally 
physiologically stressful [16], [17]. 

The use of heated discharges by fishes, particularly in summer when temperatures 
may approach or exceed thermal tolerances, has been studied for decades [5], 
[18], [19], [8], [20].  Temperature tolerances of fishes vary based on previous 
thermal exposure.  Exposure to the elevated temperatures of a heated effluent can 
affect parasite and disease transmission among fish, influence spawning cues and 
metabolic rates, expose fish to harmful chemicals or excessive exploitation, and 
lead to thermal shock if power plant operations abruptly cease [21], [22], [9].  
Fishes residing in a heated effluent will become metabolically acclimated to those 
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higher temperatures, and for any acclimation temperature there is a threshold 
temperature above which a fish will display some response [23].  Several 
experimental endpoints have been developed to quantify upper thermal tolerance 
limits, but the most common endpoints are critical thermal maxima (CTM; 
temperature at which most individuals of a species exhibit a deleterious effect 
such as immobilization or death), upper incipient lethal temperature (UILT; 
temperature value above which 50% of individuals die after a period of time) and 
upper avoidance limit (UAL; temperature that most individuals voluntarily 
avoid).  These temperature tolerances each provide different insight into the 
potential response of fishes to a heated effluent. 

Regulatory thermal standards are mostly derived from fish responses in laboratory 
tests or less frequently, inferred from field studies.  Regulations are inconsistently 
interpreted, vary by state, and often defer to subjective, albeit expert judgment of 
the risk to receiving water bodies [24].  Laboratory studies can maximize 
statistical power and allow researchers to focus on a single effect while controlling 
for other variables [25].  However, wild fish are often observed at temperatures 
higher than their laboratory preferenda [26], [27] and can tolerate temperatures 
above laboratory-derived thermal maxima if they have the ability to recover at 
cooler temperatures [4].  Also, laboratory studies tend to expose subjects to 
stressor magnitudes not typically experienced by free-ranging populations [28].  
The discrepancies between laboratory and field data are likely related to 
stochastic environmental effects.  The complex response of fishes to a suite of 
environmental variables, including increased temperatures, makes determining 
thermal standards difficult.  Although laboratory and field data often agree, 
caution should be taken in applying these data to power plant impact assessments 
in the presence of contradictions [1].  Knowledge of the actual thermal 
experience of fishes can provide more accurate information of thermal 
preferences, residency, and exposure in heated effluents in order to help 
regulators and modelers better define thermal criteria [29].     

Studying the behavioral thermoregulation of fishes near power plant discharges 
in the past was limited by available technology.  However, telemetry technology 
is rapidly evolving and the ability to continuously record temperature selection 
over many months is now widely available.  Likewise, statistical modeling 
techniques that can be used to analyze such data are rapidly developing.  
Increased computing power makes the use of complex algorithms and handling 
large amounts of data more practical for many researchers. 
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In order to elucidate an understanding of thermal regulatory behavior around 
heated effluents, ultrasonic tags were attached to (or implanted into) free-ranging 
fish to continuously record voluntary temperature use, with an emphasis on 
summer when discharge and ambient river temperatures were highest. The 
specific objectives of this study were: 1) relate peer-reviewed and published 
thermal tolerances of several fish species to in situ observations of fish around a 
heated discharge; and 2) mathematically model how fishes interact with a 
thermal plume in different seasons.  An additional objective was to provide data 
on the temperatures that fish occupied in the vicinity of the CFP to researchers at 
Oak National Laboratory to aid in their concurrent efforts to develop thermal 
stress models. 
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Section 2: Study Area 
The Nashville District of the Army Corps of Engineers created Lake Barkley in 
1966, a run-of-river reservoir that covers 23,400 hectares at summer pool and 
18,210 hectares at winter pool.  Barkley Dam is located at Cumberland River km 
(CRkm, measured from its confluence with the Ohio River) 49.2 and the 
reservoir extends to Cheatham Dam at CRkm 239.6 (Figure 2-1).  Lake Barkley 
has over 1,600 km of shoreline and a maximum depth of 24 m. The upstream 
impoundment, Cheatham Lake, is a run-of-river reservoir with short hydraulic 
residence times (2-10 days) and little water storage for electrical production. The 
fluvial upstream reach of Lake Barkley (i.e., the tailwater of Cheatham Dam) 
widens into a lacustrine system with several embayments and small tributaries.  
Cumberland River discharge average 793 m3/sec at the Lake Barkley Dam and 
the annual average hydraulic residence time is ~15 days.  Lake Barkley is usually 
vertically well-mixed except for some of the large embayments that may have 
pronounced thermal and dissolved oxygen stratification [30].  Residence time 
and stream flow are functions of reservoir volume and precipitation.  During 
droughts, residence time rises and some of the larger embayments stratify and 
have hypoxic hypolimnions.  Although downlake portions of the main channel 
may stratify, the upstream reaches rarely stratify [30].   

The Tennessee Valley Authority’s (TVA) Cumberland Fossil Plant (CFP) is a 
once through coal-fired electric generating unit that draws water from the 
Cumberland River. The CFP is located on Lake Barkley at (CRkm 166. The 
2.6-gigawatt power plant generates electricity for 1.1 million homes in the 
greater Nashville area [31].  River water is pumped into the station at a near 
constant rate (119 m3/sec) from near the bottom of the channel behind a surface 
skimmer wall.  The cooling water is discharged via nine 4.9-m pipes that force 
water along the bottom of a 450 by 70-m discharge canal, where it mixes with 
reservoir water.  During normal river flows, the temperature increase in surface 
water downstream of the discharge is detectable for several km, but the overall 
thermal influence of the CFP on Lake Barkley is negligible [30].  Lake Barkley 
near the CFP is typically isothermal and well mixed with adequate dissolved 
oxygen throughout the water column.  



 

Ö 2-2 Ü 

 

Figure 2-1 
Map of Barkley Reservoir on the Cumberland River, Tennessee. 
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Section 3: Methods 
3.1 Tag Temperature Validation 

Before fish were tagged, each tag was tested in the laboratory for accuracy and 
the rate at which it telemetered a change in temperature.  Two circulating water 
systems equipped with heaters and chillers were used to control water 
temperature. One system circulated water at ambient (river) temperatures and the 
other circulated water at plume temperatures; these two temperatures 
corresponded with the approximate ambient and plume temperatures at the CFP 
in summer and winter-spring.  The ambient temperature circulating system had 
two tanks: one was used to equilibrate each tag to the system’s temperature and 
the other was the test tank where each tag and a submersible ultrasonic receiver 
(SUR; Model SUR-3; Sonotronics Inc, Tucson, AZ) were placed.  Tags were 
tested individually in each test tank to ensure that the SUR received a clear signal 
without interference.  A temperature logger (± 0.2 oC accuracy according to the 
manufacturer; HOBO U22 Water Temp Pro v2) was placed in each test tank to 
record water temperature each minute.  In addition, a mercury thermometer was 
used to measure water temperature at the start, middle, and end of each 
transmitter test.  

All tags were first placed collectively into the ambient equilibration tank.  After 
20 minutes, one tag was removed and placed into the ambient test tank.  The 
tags transmitted on several different frequencies, and each tag when tested was 
paired with a SUR that was programmed to listen to that tag’s frequency to 
maximize the number of tag signals received and logged by the SUR.  Tags were 
removed after 20 minutes and immediately placed into the plume test tank along 
with an SUR programmed to receive its signal and observe the temperature 
equilibration rate.  The process continued until all tags were tested at the 
ambient and plume temperatures that were expected each season.  Data were 
downloaded from the SURs to determine if any tags needed to be retested due to 
insufficient data.   

3.2 Fish Collection 

Species for which peer-reviewed thermal tolerance data existed that were locally 
abundant near the CFP include Smallmouth Buffalo Ictiobus bubalus, 
Largemouth Bass Micropterus salmoides, Striped Bass Morone saxatilis, Blue 
Catfish Ictalurus furcatus, and Channel Catfish Ictalurus punctatus (J. Simmons; 
TVA; personal communication).  Monitoring species from different trophic 
levels is desirable in assessments of thermal criteria [29] and in this study 
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piscivores (Largemouth Bass, Striped Bass), omnivores (catfishes), and benthic 
invertivores (Smallmouth Buffalo) were studied.  Fish were collected each season 
using high frequency (60 Hz) DC boat mounted electrofishing gear (Smith-Root 
model GPP 7.5 pulsator) and by sampling the shoreline, discharge canal, and 
submerged structures.  In order to monitor fish that were likely to reside in the 
area long enough to interact with the plume, only fish collected in the vicinity of 
the CFP were tagged.   

3.3 Tag Implantation and Attachment 

Temperature-sensing ultrasonic tags (IBTT-08-9-E; Sonotronics, Tucson, 
Arizona) were used to document thermal exposure of fish.  Each tag was coded 
with a unique algorithm and broadcast on a frequency between 69 and 83 kHz.  
According to the manufacturer, the tags had a resolution of ± 0.5oC, and an 
accuracy of ± 1.0oC.  Tags weighed 9.6 g out of water, and had a battery life of 
270 days.  Tackle used to externally tag some fish weighed an additional 2.2g.  In 
accordance with the 2% rule [32], externally-tagged fish had to weigh 560 g and 
internally-tagged fish had to weigh at least 450 g.     

Fish were anesthetized using an electric cradle powered by a low voltage DC 
control box (Aqua Shock Solutions, Wears Valley, Tennessee).  Similar electric 
cradles have been used to anesthetize a variety of fish species [33], [34], [35], 
[36].  Fish on the cradle were physically and physiologically sedated in a manner 
similar to chemical anesthetics [37], [38].  Fresh water was irrigated into the 
mouth and over the gills during tag attachment or implantation.  After current to 
the electrical cradle was shut off, fish recovered within seconds.   

Each fish was measured for total length (mm) and weighed (g) before surgery.  
Surgeons used sterile latex gloves, tools rested on a sterile drape, and all 
applicable aseptic techniques were adhered to reduce infections [39].  Individual 
sets of surgical equipment (scalpel blade handle, retractor, needle holder, and 
tweezers) were autoclaved in separate packages for each surgery event.  
Prepackaged sterile suture needles, suture material, and scalpel blades were 
discarded after every surgery.  Ultrasonic tags and surgical tools that were reused 
were soaked in a 2% chlorohexadine gluconate solution and rinsed with sterile 
saline before they were reused [40], [39]. After surgery, fish were held in an 
aerated livewell for one hour before they were released. 

Due to concerns over handling and performing surgeries at elevated air and water 
temperatures, all fish in summer were externally tagged because it was a faster 
(< 3 minutes) and less invasive procedure. Tags were externally attached 
according to the methods of Winter [32].  Pre-measured 22-gauge stainless steel 
surgical bone suture wire and neoprene pads were attached to tags in the 
laboratory to expedite the attachment procedure.  Hypodermic spinal needles 
(150 mm; 13-gauge) fixed to a bracket were inserted through the musculature 
beneath the dorsal fin.  The needle stylets were withdrawn and suture wire was 
fed through the hollow cannulas.  Small (2-cm diameter) plastic discs went over 
each wire opposite the tag.  The cannula was then withdrawn and the wire was 
pulled snug and crimped in place with a single barrel leader sleeve.   
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During the winter-spring of 2013, tags were implanted internally into all species 
except Smallmouth Buffalo. Tags were externally attached to Smallmouth 
Buffalo because they are laterally compressed and have less abdominal volume at 
given lengths than the other targeted species. Although no studies have examined 
the possible detrimental effects of internal tagging on Smallmouth Buffalo, 
internal tags can negatively affect the health of other laterally-compressed species 
such as Bluegills Lepomis machrochirus [41], [42].  During implantations, a sterile 
cotton swab was used to wipe off mucus along the ventral midline where the 
incision was made; scales were removed if necessary.  A 2-cm incision was made 
anterior to the pelvic fins and the tag was inserted into the body cavity [43], [36].  
The wound was closed with three interrupted size-2 Monocryl Plus sutures.  
Implantation surgeries averaged 346 seconds (SE = 24). Fish body temperature 
was used as a proxy of water temperature for implanted transmitters. 

3.4 Telemetry 

An array of six SURs was deployed in the area of the CFP heated discharge 
(Figure 3-1).  Each SUR had a flash memory capable of recording 200,000 
detections, and a range of at least 200 m.  Tag temperature, tag identification, 
frequency, interval and time stamp data were downloaded from the SUR with 
SURsoft (proprietary software).  Depending on how many frequencies the SUR 
was programmed to scan, a tag could be detected every 12-30 seconds.  Tagged 
fish were observed throughout two summer seasons (August 7, 2012 to October 
10, 2012; June 13, 2013 to October 2, 2013) and one winter-spring season 
(February 26, 2013 to May 23, 2013).  No data collected on fish within one week 
of tagging were analyzed to allow fish to recover from possible behavioral effects 
of surgery [32]. 
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Figure 3-1 
Map of the submersible ultrasonic receiver (SUR) array near the Cumberland Fossil 
Plant, Tennessee.  Filled circles depict locations of each SUR. 

The method for mooring the SURs generally followed Bettoli et al. [44].  The 
SURs were attached to a 57-kg steel plate that moored the assembly to the 
substrate.  The anchor was lowered to the substrate using a hand-winch.  A 
measure of rope equal to twice the deployment depth extended downstream to a 
6.8-kg mushroom anchor.  The location of each anchor was recorded using a 
Global Positioning System (GPS) receiver to obtain Universal Transverse 
Mercator (UTM) coordinates.  To recover the equipment, weighted grappling 
hooks were dragged between anchor waypoints, and a hand-winch mounted on a 



 

Ö 3-5 Ü 

swinging boom hoisted the mushroom anchor.  The 12-mm rope was wrapped 
2-3 times around the winch drum and the bitter end fed out the back while 
drawing in the load, much like a capstan.   

In addition to passively recording telemetry data for fish near the CFP, fish were 
actively located at least every 14 days from a motorboat using a Sonotronics 
directional hydrophone (DH-4) and manual receivers (USR-5W and USR-96).  
Manual tracking data were used to verify SUR data and to find fish that had left 
the array.  Variables recorded once a tagged fish was located include fish identity, 
time of contact, tag temperature, GPS coordinates, depth, surface and bottom 
water temperatures (o C) and dissolved oxygen (DO; mg/L) concentrations. 

3.5 Temperature and Dissolved Oxygen Conditions 

Temperature and DO readings were measured monthly at the surface and 
bottom with a Eureka Manta® submersible multiprobe (Eureka Environmental, 
Austin, Texas). Readings were taken along transects every 200 m moving 
downstream from the outfall until the plume was no longer detected.  Four 
evenly-spaced readings were taken from bank to bank along each transect.  
Waypoints were recorded with a GPS unit at each location where readings were 
taken.   

Additional water temperature data were obtained with external temperature 
loggers that were attached to each SUR anchor and recorded temperature at 
hourly intervals. The TVA provided long-term temperature monitoring station 
data that were collected near the base of the skimmer wall at the mouth of the 
intake, and midway in the water column at the mouth of discharge canal.  All 
temperature data (thermal plume profiles, downloads from temperature loggers, 
TVA monitoring data and measurements from manually tracking fish) were 
compiled to establish the range through time of temperature available to fish in 
the receiver array.   

3.6 Data Pretreatment 

Receiver data were downloaded from SURs with proprietary software called 
“Data Processing Center”, which is designed to sift out erroneous telemetry due 
to environmental noise.  The program removed tag detections when there were 
less than two observations for a given tagged fish within a one-hour interval.  
Also, the software removed noisy tag detections (i.e., interval sensitivities greater 
than ± 2 milliseconds).  Logged temperature detections that exceeded by more 
than 1°C the range of available temperatures over each 24-h period were 
excluded from subsequent analyses.  Tag detections that were not accompanied 
by a temperature reading were deleted from the database.  Blocks of time (and 
the data logged) from one SUR were manually deleted on two occasions because 
of acute acoustic interference from construction activities (installing riprap; 
channel dredging).  Also, observations collected during September 9-10, 2012 
were not analyzed because power plant operations ceased and there was no 
difference between ambient river temperatures and plume temperatures.  Once all 
of these QA/QC steps were completed, temperature data logged by any and all 
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receivers were averaged over 5-minute intervals for each tagged fish and were 
sorted by species and individual.   

3.7 Temperature Selection and Avoidance 

Peer-reviewed literature documenting thermal tolerances of the species tagged in 
this study were compiled and summarized.  Correspondence between published 
thermal tolerance data and actual thermal exposure was assessed by overlaying 
species-specific upper avoidance limits on temperature use-frequency histograms 
for each species each season.  Also, temperature detections for each 
species/season combination were plotted relative to available temperatures to 
depict temperature selection (i.e., use versus availability).   

Statistical distributions of selected temperatures provide insight into the thermal 
niche of a species [28].  Negatively skewed temperature distributions are 
characteristic of freshwater fishes and suggest they are actively thermoregulating 
near an upper thermal limit [45], [46].  Conversely, a normally-distributed 
temperature distribution suggests that fish are reacting to both upper and lower 
avoidance limits.  Several methods exist to calculate the realized thermal niche of 
a species, but Magnuson et al. [47] recommended using the median ± 33% 
(equivalent to ±1 standard deviation) of all observations.   

The number of days each individual fish spent at thermal plume temperatures 
was enumerated.  If on a given day a fish was only detected at plume 
temperatures (see Model Building below for definition of plume temperature), 
that day was considered “hot”, if all of the detections were at ambient river 
temperatures the day was considered “cold”, and if there were detections at both 
plume and ambient temperatures the day was considered “mixed”.  This analysis 
was undertaken to determine whether most of the individuals of a given species 
were interacting with the plume or if only a few individuals were providing most 
of the data on whether a species exceeded its published UALs.  This type of 
information will also be useful in interpreting the plume interaction models. 

3.8 Model Building 

Given the dynamic nature of thermal plumes, it is more appropriate to describe 
fish interactions with the plume in terms of tag temperature rather than their 
spatial distribution.  Generalized Linear Mixed-Effects Models (GLMM) were 
used to describe variation in plume use, a dichotomous variable, as a function of 
several biotic and abiotic environmental variables. This analytical technique is 
currently being used to study juvenile Steelhead Oncorhynchus mykiss interactions 
with thermal refugia in a tailwater (K. Brewitt; UC-Davis; personal 
communication).  The dependent variable in the present study was plume use 
(1 = in plume, 0 = not in plume) and a fish was defined as being in the plume 
(i.e., interacting with it) when tag temperature was greater than 2°C above the 
daily average mainstem (ambient) temperature on a particular day.  The fixed 
effects considered in the model were water temperature (°C), fish size (TL [mm] 
or weight [g]), and time-of-day (a binary variable based on sunrise/sunset times; 
0 = night, 1 = day).  Three water temperature effects (plume temperature, 
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ambient temperature, and the magnitude of temperature increase [ΔT]) were 
modeled but due to high collinearity, they were considered separately and three 
full models were fit for each species/season combination.  Covariates were scaled 
by dividing each variable by twice its standard deviation [48].  The probability of 
a species interacting with the plume was modeled with a logit-link function:  

𝑙𝑜𝑔𝑖𝑡(𝜋𝑖) = 𝛽0 +  𝛽𝑖,𝑗𝑋𝑖,𝑗 +  𝛽𝑖,𝑘𝑋𝑖,𝑘 

where βi,j and βi,k are the fitted coefficients for fixed-effects variables j and k, and 
Xi,j and Xi,k are the values of j and k for speciesi.  Data for each species were 
modeled separately each season.  Data for individual fish in each combination of 
species/season were pooled and the unique fish ID was the random effect in each 
model. Smallmouth Buffalo data were pooled for summers 2012 and 2013 and 
the dummy variable “year” was also considered in the model.  Largemouth Bass 
data were not pooled over the two summers because there were orders of 
magnitude fewer observations during summer 2012, which served to confound 
the analysis rather than clarify it.  Models were fit using the NLMIXED 
procedure in SAS 9.2 (SAS Institute, Cary, North Carolina).  When substantial 
among-subject variability exists, GLMMs can improve parameter estimates via 
estimating among-subject variation (i.e., individual fish) in the response variable. 
Thus, GLMMs were used to account for dependence associated with individual 
fish behavior by including Fish ID as a random effect variable. The NLMIXED 
procedure calculates degrees of freedom as the number of subjects minus one. 

Akaike’s Information Criterion (AIC) was used to fit the best models for each 
species/season combination, and AIC weights (𝑤𝑖 > 0.01) were used to select 
the candidate models; the highest weighted model was selected as the best model 
[49].  The area under the receiver-operating-characteristic (ROC) curve (AUC) 
was used to measure overall model fit.  Using the AUC test statistic is de rigueur 
when assessing the predictive ability of logistic models: an AUC value of 1.0 
indicates a perfectly predictive model, whereas a value of 0.5 is equivalent to a 
coin toss [50].  Scaled parameter estimates were plotted against each other with 
horizontal bar graphs to depict the relative explanatory power of each variable 
and direction of the effect.  The intercept-only model was the null model for 
comparison during model building.  Statistical significance was declared at 
P ≤ 0.05. 
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Section 4: Results 
4.1 Tag Validation and Fish Collection 

Tags were generally precise and telemetered temperatures within the 
manufacturers ± 1°C threshold (�̅� = -0.75; SE = 0.06).  Tags equilibrated from 
ambient to plume temperatures in 365 seconds on average (SE = 19.7) during 
both winter-spring and summer simulated temperature regimes.  Subsequent 
temperature observations were adjusted for each tag’s unique variance.  Due to 
the lag in tag equilibration, the present study was not able to detect brief 
movements (i.e., < 5 minutes) by fish into and out of the array. 

Fish were tagged and monitored during three periods: August 7 to October 15, 
2012; February 26 to May 21, 2013; and June 13 to October 2, 2013.  Due to tag 
longevity, several fish were monitored over multiple seasons.  Fifty-six fish in 
total were tracked over the entire study: 20 Largemouth Bass, 18 Smallmouth 
Buffalo, 13 Channel Catfish, four Striped Bass, and one Blue Catfish 
(Table 4-1).  The data from the single Blue Catfish were not considered in 
subsequent analyses. Two Smallmouth Buffalo were harvested by a commercial 
fisherman 25 and 65 km downstream of the CFP.  Two Largemouth Bass were 
harvested by recreational anglers within 1 km of the CFP.  Two of the four 
returned tags were still operating and were re-attached to new individuals.   
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Table 4-1 
Summary of ultrasonically tagged Blue Catfish (BLC), Channel Catfish (CHC), Largemouth Bass (LMB), 
Smallmouth Buffalo (SMBF), and Striped Bass (STR) in the vicinity of the Cumberland Fossil Plant, 
Tennessee, 2012-2013,  indicating tag number, total length (mm), weight (g), method of tagging (I = 
internal; E = External), date tagged, number of days in the receiver array (DIA), percentage of 
observations in the thermal plume (% Plume), number of locations during manual tracking events, and the 
number of observations by submersible underwater receivers (SUR) that passed QA/QC data pretreatment 
steps. 

Tag  Species TL  Weight  I/E Date 
Tagged 

DIA % 
Plume 

Manual 
Tracks 

SUR 

53 BLC 730 3,946 E 9/6/2012 3 25 4 20 

83 CHC 394 544 I 2/26/2013 2 33.3 3 3 

85 CHC 533 1,383 I 2/26/2013 48 56.2 4 8,017 

86 CHC 520 1,293 I 2/26/2013 11 71.2 3 77 

69 CHC 445 635 I 3/7/2013 2 100 0 2 

217 CHC 445 726 E 6/13/2013 0 0 0 0 

219 CHC 482 1,111 E 6/13/2013 1 100 0 0 

220 CHC 445 771 E 6/13/2013 6 89.3 1 2 

221 CHC 457 771 E 6/14/2013 3 82.1 0 0 

231 CHC 541 1,610 E 6/14/2013 23 53.4 2 1,376 

57 CHC 435 590 E 7/23/2013 0 0 0 0 

74 CHC 495 907 E 7/23/2013 18 92.1 2 356 

88 CHC 428 612 E 7/29/2013 0 0 0 0 

90 CHC 405 544 E 7/29/2013 5 100 0 23 

66 LMB NA 1,043 E 8/6/2012 6 15 4 20 

51 LMB 440 1,451 E 9/6/2012 3 0 3 5,775 

52 LMB 390 912 E 9/6/2012 2 29.6 4 142 

49 LMB 336 907 E 9/6/2012 3 100 0 9 

68 LMB 508 2,064 I 2/26/2013 1 100 4 3 

81 LMB 419 1,202 I 2/26/2013 6 42.7 3 75 

82 LMB 305 454 I 2/26/2013 26 54.25 4 3,525 

84 LMB 368 885 I 2/26/2013 25 25.9 3 1,051 

212 LMB 495 1,769 E 6/13/2013 20 1.9 2 2,514 

213 LMB 439 1,225 E 6/13/2013 12 9.2 1 400 

218 LMB 442 1,270 E 6/13/2013 28 23.5 2 2,373 

229 LMB 434 1,066 E 6/13/2013 20 5.4 2 1,539 

230 LMB 447 1,361 E 6/13/2013 11 17.7 4 1,761 

46 LMB 490 1,905 E 7/23/2013 6 28.3 0 2 

60 LMB 415 1,225 E 7/23/2013 3 98.7 0 383 
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Table 4-1 (continued) 
Summary of ultrasonically tagged Blue Catfish (BLC), Channel Catfish (CHC), Largemouth Bass (LMB), 
Smallmouth Buffalo (SMBF), and Striped Bass (STR) in the vicinity of the Cumberland Fossil Plant, 
Tennessee, 2012-2013,  indicating tag number, total length (mm), weight (g), method of tagging (I = 
internal; E = External), date tagged, number of days in the receiver array (DIA), percentage of 
observations in the thermal plume (% Plume), number of locations during manual tracking events, and the 
number of observations by submersible underwater receivers (SUR) that passed QA/QC data pretreatment 
steps. 

Tag  Species TL  Weight  I/E Date 
Tagged 

DIA % 
Plume 

Manual 
Tracks 

SUR 

61 LMB 412 1,043 E 7/23/2013 4 61.4 4 0 

73 LMB 432 1,225 E 7/23/2013 4 99.7 0 0 

58 LMB 437 1,361 E 7/29/2013 3 93.3 0 0 

87 LMB 435 1,429 E 7/29/2013 20 62.6 1 1,717 

230b LMB 489 1,837 E 7/30/2013 43 0.7 0 287 

47 SMBF NA 1,338 E 8/6/2012 43 88.7 7 7,208 

64 SMBF NA 1,202 E 8/6/2012 1 42.5 3 80 

65 SMBF NA 1,111 E 8/6/2012 46 71.2 5 3,814 

63 SMBF NA 1,724 E 8/6/2012 3 80 1 5 

48 SMBF 406 1,134 E 2/26/2013 9 90.4 6 1,659 

62 SMBF 368 748 E 2/26/2013 21 95.7 4 4,262 

67 SMBF 508 2,018 E 3/7/2013 2 50 0 2 

214 SMBF 523 2,563 E 6/13/2013 22 9.4 1 1,599 

215 SMBF 457 1,293 E 6/13/2013 2 85.7 0 7 

216 SMBF 495 1,792 E 6/13/2013 3 8.8 1 0 

227 SMBF 457 1,474 E 6/13/2013 3 91.4 0 0 

228 SMBF 465 1,701 E 6/13/2013 58 12.1 4 275 

72 SMBF 501 2,177 E 7/23/2013 64 26 4 10,480 

59 SMBF 390 1,225 E 7/29/2013 4 87.2 0 0 

75 SMBF 496 1,905 E 7/29/2013 4 92.9 0 0 

76 SMBF 550 2,427 E 7/29/2013 3 28.6 2 58 

89 SMBF 446 1,769 E 7/29/2013 5 24.2 0 0 

213b SMBF 456 1,588 E 7/30/2013 4 13.9 0 2 

77 STR  660 4,944 I 2/26/2013 42 99.4 2 3,787 

78 STR  737 6,418 I 2/26/2013 9 98.8 0 622 

79  STR  622 3,221 I 2/26/2013 41 99.8 4 6,356 

80 STR  787 7,756 I 2/26/2013 39 99.9 1 4,284   
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4.2 Temperature and Dissolved Oxygen Conditions 

Cumberland River temperatures regularly exceeded 28°C throughout much of 
summer 2012, and CFP discharge temperatures reached 36°C on several days 
(Figure 4-1).  Cumberland River temperatures in winter-spring 2013 were 
generally stable between 8-10°C for the first half of that season but increased to 
15°C and higher during the latter half (Figure 4-2); discharge temperatures 
varied from ~10-16°C in February-March and reached 24°C during April-May.  
Summer 2013 was characterized by unseasonably cool weather.  Cumberland 
River water temperatures generally ranged from 23-29°C in July and August 
2013 and discharge temperatures rarely exceeded 34°C (Figure 4-3).  
Throughout both years and all seasons the average difference between ambient 
and discharge temperatures was 5.2°C (SE = 0.02).  Dissolved oxygen 
concentrations below 6 mg/L were not observed in the Cumberland River near 
the CFP.  Although the CFP was always pumping water, on a few occasions the 
CFP did not discharge heated effluent (Figures 2-1, 3-1, and 4-1) and 
observations of tagged fish were not analyzed on those days.   
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Figure 4-1 
Ambient Cumberland River temperatures (bottom line) and temperature of water 
discharged from the Cumberland Fossil Plant (top line) from August 7 to October 
10, 2012. 
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Figure 4-2 
Ambient Cumberland River temperatures (bottom line) and temperature of water 
discharged from the Cumberland Fossil Plant (top line) from February 21 to May 
23, 2013. 
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Figure 4-3 
Ambient Cumberland River temperatures (bottom line) and temperature of water 
discharged from the Cumberland Fossil Plant (top line) from June 11 to October 2, 
2013. 

Cumberland River flows and pool levels affected the shape and extent of the 
thermal plume.  The plume was quite dynamic and was difficult to describe 
spatially over even a short period of time.  During normal conditions the plume 
and mixing zone in the center of the river channel (12-13 m deep) 200 m 
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downstream of the discharge canal were generally limited to the upper 6-7 m of 
the water column and typically would affect perhaps 50% of the total flow of the 
river through the receiver array.  In the center of the river channel 2 km 
downstream of the discharge canal, the plume was typically 2-3 m deep and 
would have affected much less of the river’s flow.  A thermal gradient 2-3 m deep 
often separated the warmest parts of the plume from the surrounding river and its 
ambient temperatures, both vertically and horizontally.  In most instances, the 
plume was not detectable in the Cumberland River more than 10 km 
downstream of the discharge canal.   

4.3 Data Pretreatment  

The receiver array was in an environment that was inherently noisy due to its 
proximity to an active industrial site.  The SURs recorded 383,255 observations 
over all seasons.  After the dataset were subjected to QA/QC and averaged into 
5-minute intervals, there were 67,578 observations available for analysis.  
Although the data pretreatment process removed many observations that arose 
due to acoustical interference, a few detections within the bounds of the observed 
range of temperatures may have been spurious; however, their effects on the 
analysis were likely inconsequential given the large number of observations 
available for analysis.  

4.4 Telemetry 

During 23 manual tracking trips tagged fish were located 58 times (Table 4-1).  
Tracking confirmed that the ultrasonic signal from a tagged fish in the array was 
occasionally not recorded by any SUR if the fish was behind a barge or mooring 
cell.  Also, tracking indicated that under ideal conditions some fish were detected 
by receivers up to 900 m away, albeit at less consistent intervals than a fish within 
200 m of a SUR. 

The acoustic receiver array was successfully deployed and retrieved on four 
occasions over the entire study period. There were minimal complications and 
most receivers were deployed within 20 minutes and retrieved with just over an 
hour of effort. In other studies SURs were anchored to river bottoms and 
retrieved using SCUBA dive teams, a considerable expense that was avoided in 
the present study (Bettoli et al. 2010).   

Of the 56 fish tagged, 15 fish were never detected in the array after initial tagging 
and another 8 fish left the array within one week of surgery.  Tagged 
Largemouth Bass were at large (detected somewhere in the Cumberland River) 
on average 59.6 days (Standard Deviation [SD] = 73.8) and 70% were detected 
within the receiver array.  Tagged Channel Catfish were at large 34.5 days 
(SD = 49.1) and 26% were detected within the receiver array.  Tagged 
Smallmouth Buffalo were at large 48.2 days (SD = 52.1) and 56% were detected 
within the receiver array. Tagged Striped Bass were at large 49.3 days (SD = 
18.0) and all of them were detected in the receiver array.  Several fish of each 
species were observed in the array for consecutive days or weeks.  Conversely, five 
tagged fish (i.e., Largemouth Bass and Channel Catfish) were manually tracked 
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to a nearby tributary outside of the receiver array and were rarely, if ever, detected 
by the receiver array.  The receiver array covered about 3 river km around the 
CFP.  The fact that several fish were observed during manual tracking outside of 
the array or harvested many km from the CFP suggests that those tagged fish 
were active and healthy. 

Most (58%) tagged individuals tracked at least 7 days post-surgery spent at least 
some time in the receiver array.  There were 465 observations of the thermal 
exposure of Largemouth Bass in summer 2012 (Figure 4-4), 1,732 in winter-
spring 2013 (Figure 4-5), and 10,115 in summer 2013 (Figure 4-6).  Channel 
Catfish were not tagged in summer 2012 but there were 8,069 observations of 
their thermal exposure in winter-spring 2013 (Figure 4-5), and 1,855 in summer 
2013 (Figure 4.3).  There were 11,049 observations of the thermal exposure of 
Smallmouth Buffalo in summer 2012 (Figure 4-4), 5,916 in winter-spring 2013 
(Figure 4-5), and 13,334 in summer 2013 (Figure 4-6).  Striped Bass thermal 
exposure data were detected by the receiver array 15,043 times in winter-spring 
2013 (Figure 4-5).  
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Figure 4-4 
Tag temperatures (open circles) for A) Largemouth Bass and B) Smallmouth Buffalo 
during summer 2012 at the Cumberland Fossil Plant, Tennessee.  Horizontal lines 
indicate the warmest (top) and coolest (bottom) environmental temperatures 
observed hourly. 
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Figure 4-5 
Tag temperatures (open circles) for A) Largemouth Bass, B) Smallmouth Buffalo, C) 
Channel Catfish, and D) Striped Bass during winter-spring 2013 at the 
Cumberland Fossil Plant, Tennessee.  Horizontal lines indicate the warmest (top) 
and coolest (bottom) environmental temperatures observed hourly. 
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Figure 4-6 
Tag temperatures (open circles) for A) Largemouth Bass, B) Smallmouth Buffalo, 
and C) Channel Catfish during summer 2013 at the Cumberland Fossil Plant, 
Tennessee.  Horizontal lines indicate the warmest (top) and coolest (bottom) 
environmental temperatures observed hourly. 

Individuals of each species (Largemouth Bass, n = 5; Channel Catfish, n = 2; 
Smallmouth Buffalo, n = 4) displayed distinct movements into and out of the 
plume during summer 2013. For example, the tag-temperature data for a single 
Channel Catfish (Tag #231) in June 2013 clearly shows that fish making at least 
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five forays into the hottest water available, interspersed with retreats to ambient 
river temperatures (Figure 4-7). 

 

Figure 4-7 
Thermal exposure recorded by submersible ultrasonic receivers of a tagged 
Channel Catfish from June 23-26, 2013 near the Cumberland Fossil Plant, 
Tennessee.  The upper and lower lines indicate the maximum and minimum 
temperatures recorded by temperature loggers and the open circles are tag 
temperatures. 

4.5 Temperature Selection and Avoidance 

Tagged fish of several species were frequently observed occupying temperatures 
that conflicted with their published upper avoidance limits (UAL; Table 4-2).  
Although Largemouth Bass in the array were infrequently observed at 
temperatures above their UALs of 29, 30, and 33°C in summer 2012 (2.8 %, 
0.6%, and 0.0% of all observations, respectively; Figure 4-8), 26.7% of all 
observations in summer 2013 were above 29°C and 12.6% were above 30°C 
(Figure 4-9).  Channel Catfish during summer 2013 were routinely observed 
above their 32°C UAL but almost never above their 34°C or 35°C UALs (16.9%, 
0.2%, and 0.0001% of all observations, respectively; Figure 4-9).  Smallmouth 
Buffalo were rarely observed at temperatures above their 34.5°C UAL in summer 
2012 when water that warm was present early in the season (0.4% of all 
observations; Figure 4-8), and they did not exceed their 34.5°C UAL in summer 
2013 when the plume was rarely that warm (Figure 4-9).   
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Table 4-2 
Compiled literature results of upper avoidance temperatures of Channel Catfish 
Ictalurus punctatus, Smallmouth Buffalo Ictiobus bubalus, Largemouth Bass 
Micropterus salmoides, and Striped Bass Morone saxatilis. 

Species Size or Age °C Source 

I. punctatus Large, Juvenile 32, 34, 35 (58), (59), (60) 

Ictiobus sp. Large 34.5 (59) 

M. salmoides Adult, Large, Juvenile 29, 30, 33 (55), (56), (57) 

M. saxatilis Age 3 24.0 (83) 

 

Figure 4-8 
Tag temperature-frequency histogram of A) Smallmouth Buffalo (n = 2) and B) 
Largemouth Bass (n = 3) in the vicinity of the Cumberland Fossil Plant, Tennessee 
during the summer of 2012.  Vertical dashed lines indicate published upper 
avoidance limits (See Table 4-2). 
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Figure 4-9 
Tag temperature-frequency histogram of A) Smallmouth Buffalo (n = 5), B) 
Largemouth Bass (n = 9), and C) Channel Catfish (n = 5) in the vicinity of the 
Cumberland Fossil Plant, Tennessee during summer 2013.  Vertical dashed lines 
indicate published upper avoidance limits (See Table 4-2). 

Striped Bass in winter-spring 2013 were rarely observed in the coolest 
temperatures available (7-10°C) and did not occupy water temperatures above 
their 24°C UAL (Figure 4-10).  It must be noted, however, that water at that 
UAL temperature was rarely present in the vicinity of the CFP during winter-
spring 2013. 
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Figure 4-10 
Tag temperature-frequency histogram of A) Channel Catfish (n = 4), B) Largemouth 
Bass (n = 5), C) Smallmouth Buffalo (n = 5), and D) Striped Bass (n = 4) in the 
vicinity of the Cumberland Fossil Plant, Tennessee during the winter-spring of 
2013.  
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Temperature observations for tagged Largemouth Bass during the summers of 
2012 and 2013 were approximately normally distributed (when data were pooled) 
with a mean of 27.5°C (SE = 0.02) and a mode of 27°C, suggesting fish were 
responding equally to both upper and lower thermal avoidance limits.  Thus, the 
realized thermal niche of tagged Largemouth Bass during both summers was 
25.4-29.6°C (median ±1SD).  Temperature observations for tagged Channel 
Catfish during summer 2013 were negatively skewed with a mean of 29.6°C 
(SE = 0.053) and a mode of 31°C.  The realized thermal niche of tagged 
Channel Catfish during summer 2013 was 27.3-31.8°C.  Temperature 
observations for tagged Smallmouth Buffalo during summer were widely 
distributed with a mean of 27.5°C (SE = 0.016) and a mode of 27°C.  The 
realized thermal niche of tagged Smallmouth Buffalo during the summers of 
2012 and 2013 was 24.9-30.1°C. 

Of the fish that spent time in the array, the amount of time each individual fish 
spent in the thermal plume varied.  Some fish were almost always at plume 
temperatures while others rarely used the warmest water available in the plume 
(Table 4-1).  During both summers only two Largemouth Bass were classified as 
having “hot” days (i.e., all temperatures recorded throughout the day were at 
plume temperatures); fish #212 had one day and #82 had 13 days (Table 4-3).  
The number of days in which all Largemouth Bass were classified as having 
“cold” days (i.e., all temperatures recorded throughout the day were at ambient 
temperatures) ranged between 3 and 39, except for fish #82 and #52 which had 
no “cold” day classifications.  All of the Largemouth Bass except #60 and #51 
had at least one “mixed” day classification.  During summer 2013 Channel 
Catfish (4 of 5) were classified as having at least one “hot” and one “mixed” day 
and three were classified as having at least one “cold” day.  During summer 2012 
both Smallmouth Buffalo were classified having more than 20 “hot” and 20 
“mixed” days while having fewer than two “cold” days.  During summer 2013, 
half of the Smallmouth Buffalo were classified as having only one “hot” day while 
the others had none. The number of days in which Smallmouth Buffalo were 
classified having “cold” days ranged from 1 to 37.  All of the Smallmouth Buffalo 
except #215 were classified as having at least one “mixed” day and as many as 32. 
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Table 4-3 
The number of days during the summers of 2012 and 2013 that Channel Catfish, 
Largemouth Bass, and Smallmouth Buffalo spent entirely at plume (hot) or ambient 
(cold) temperatures and the number of days observed at a mixture (mix) of 
temperatures.  

Species ID Hot Cold Mix 

Channel Catfish 231 0 3 13 

Channel Catfish 74 4 5 16 

Channel Catfish 85 1 2 1 

Channel Catfish 86 1 0 3 

Channel Catfish 220 2 0 0 

Largemouth Bass 82 13 0 2 

Largemouth Bass 87 0 7 7 

Largemouth Bass 212 1 12 1 

Largemouth Bass 213 0 3 3 

Largemouth Bass 218 0 6 15 

Largemouth Bass 229 0 11 4 

Largemouth Bass 230 0 7 3 

Largemouth Bass 230b 0 39 1 

Largemouth Bass 51 0 3 0 

Largemouth Bass 52 0 0 2 

Largemouth Bass 66 0 3 1 

Largemouth Bass 60 0 4 0 

Smallmouth Buffalo 72 1 37 16 

Smallmouth Buffalo 76 0 1 1 

Smallmouth Buffalo 214 1 11 8 

Smallmouth Buffalo 215 1 1 0 

Smallmouth Buffalo 228 0 37 10 

Smallmouth Buffalo 213b 0 0 1 

Smallmouth Buffalo 47 21 2 21 

Smallmouth Buffalo 65 22 1 32 
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4.6 Model Building 

Modeling seasonal plume use for each species identified several important 
variables influencing behavioral thermoregulation that differed among species 
(Table 4).  There were multiple candidate models for each species/season 
combination, but there was always a best fitting and most predictive model.  The 
intercept-only null model was never the best supported model for any 
species/season combination (Table 4). All of the best models included one of the 
temperature variables (i.e., ambient, plume, or ΔT) but each species differed in 
terms of which variable was most important and the nature of the relationship 
(direct or inverse) between plume use and the best temperature variables.    
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Table 4-4 
Parameters of generalized linear mixed-effects models relating the probability of plume use, by fish in winter-spring (W) and summer (S), as a 
function of discharge temperature (Φ), ambient river temperature (A), the difference between plume and ambient river temperatures (ΔT), fish size 
(Total Length [TL] or Weight [WT]), year (Y), and time-of-day (1 = day, 0 = night; TOD).  Models were parameterized for each species/season 
combination and models were selected with AIC, weighted AIC scores (w), and ROCAUC (AUC).  The number of subjects (individual fish) and 
observations for each species/season (N) is also included.  

Season/Year Subjects N Model AIC w AUC 

Largemouth Bass 

W '13 5 1,732 1.1382 + 0.4379(Φ) - 0.4376(TOD) 1,851.4 0.63 0.625 

   
1.1029 + 0.4767(Φ) - 0.4633(TOD) + 0.2860(TL) 1,852.4 0.36 0.625 

   
Intercept Only (0.559) 1,898.1 0.00 0.597 

       

S '13 9 10,115 -1.9 - 0.5119(Φ) - 3.3602(TL) + 0.1861(TOD) 5,060.2 0.85 0.919 

   
-1.7902 - 0.5011(Φ) - 3.3547(TL) 5,063.7 0.15 0.919 

   
Intercept Only (-2.0038) 5,214.0 0 0.906 

Channel Catfish 

W '13 3 8,069 1.4107 - 0.2763(Φ) + 0.2560(TOD) 10,898.0 0.62 0.674 

   
2.2803 - 0.2763(Φ) + 0.2558(TOD) + 0.04828(TL) 10,899.0 0.38 0.675 

   
Intercept Only (0.446) 11,080.0 0.00 0.503 

       

S '13 5 1,855 0.1061 + 0.5931(A) + 1.7293(TOD) - 1.4869(TL) 1,836.3 1.00 0.815 

   
Intercept Only (1.1106) 2,157.4 0.00 0.642   
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Table 4-4 (continued) 
Parameters of generalized linear mixed-effects models relating the probability of plume use, by fish in winter-spring (W) and summer (S), as a 
function of discharge temperature (Φ), ambient river temperature (A), the difference between plume and ambient river temperatures (ΔT), fish size 
(Total Length [TL] or Weight [WT]), year (Y), and time-of-day (1 = day, 0 = night; TOD).  Models were parameterized for each species/season 
combination and models were selected with AIC, weighted AIC scores (w), and ROCAUC (AUC).  The number of subjects (individual fish) and 
observations for each species/season (N) is also included. 

Smallmouth Buffalo 

S '12 & '13 8 24,383 -0.9471 - 1.7663(A) + 3.5069(Y) - 0.8061(TOD)  18,696.0 0.60 0.895 

   
-1.0471 - 1.7660(A) + 3.5195(Y) - 0.8061(TOD) - 0.1800(WT) 18,698.0 0.22 0.895 

   
0.4506 - 1.7665(A) - 0.8065(TOD) 18,699.0 0.13 0.895 

   
0.3491 - 1.7664(A) - 0.8064(TOD) - 0.1462(WT)  18,701.0 0.05 0.895 

   
Intercept Only (-0.277) 24,200.0 0.00 0.821 

       

W '13 3 5,916 3.2495 + 0.8745(ΔT) - 0.5683(WT)  2,287.0 0.64 0.776 

   
3.2831 + 0.8771(ΔT) - 0.5618(WT) - 0.1211(TOD) 2,288.2 0.36 0.764 

   
Intercept Only (0.0133) 2,564.1 0.00 0.600 

Striped Bass 

W '13 4 15,043 6.8424 + 1.1853(ΔT) - 1.5681(TOD) 608.8 0.72 0.847 

   
6.8223 + 1.1857(ΔT) - 1.5686(TOD) + 0.08764(TL) 610.7 0.28 0.847 

      Intercept Only (0.0015) 721.4 0 0.698 
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Of the candidate models for Largemouth Bass during winter-spring 2013, the 
best-supported model (wi = 0.63; Table 4-4) indicated that the probability of 
plume use increased with discharge temperature and increased at night 
(Figure 4-11).  Discharge temperature (Parameter Estimate [PE] = 0.4379) had a 
similar magnitude of effect on plume use as time-of-day (PE = -0.4376) and fish 
size was not included in the best-supported model (Figure 4-12).  The predictive 
accuracy of the model was low (AUC = 0.625; Table 4-4).   
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Figure 4-11 
Probability of plume use for Largemouth Bass during winter-spring 2013 near the 
Cumberland Fossil Plant, Tennessee as a function of discharge temperature and 
time-of-day (See Table 4-4). 
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Figure 4-12 
Horizontal bar graph of scaled parameter estimates of Largemouth Bass during 
winter-spring 2013 near the Cumberland Fossil Plant, Tennessee.  Shaded bars 
indicate a parameter that was not included in the best-supported model. 

The best-supported model (wi = 0.851; Table 4-4) for Largemouth Bass during 
summer 2013 indicated that the probability of plume use decreased with fish size, 
was inversely related to discharge temperature (the reverse of what was observed 
in the winter-spring season), and was higher during the day (also the reverse of 
what was observed in the winter-spring season; Figure 4-13).  Fish size had a 
strong negative effect (PE = -3.3602), discharge temperature had a modest 
negative effect (PE = -0.5119), and time-of-day had the weakest effect 
(PE = 0.186; Figure 4-14).  The predictive accuracy of the model was high 
(AUC = 0.919; Table 4-4).   
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Figure 4-13 
Probability of plume use for Largemouth Bass during summer of 2013 near the 
Cumberland Fossil Plant, Tennessee as a function of fish length, time-of-day, and 
discharge temperature (See Table 4-4).  Only two of three significant variables 
were depicted in this plot. 
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Figure 4-14 
Horizontal bar graph of scaled parameter estimates of Largemouth Bass during 
summer 2013 near the Cumberland Fossil Plant, Tennessee. 
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The best-supported model (wi = 0.63; Table 4-4) for Channel Catfish during 
winter-spring 2013 indicated that the probability of plume use was inversely 
related to discharge temperatures and was higher during the day (Figure 4-15).  
Discharge temperature (PE = 0.2763) had a similar magnitude effect as 
time-of-day (PE = 0.2560) and fish size was not included in the best-supported 
model (Figure 4-16).  The predictive accuracy of the model was low 
(AUC = 0.674; Table 4-4).  This was the only species in winter-spring that 
displayed an inverse relationship between plume use and one of the temperature 
variables (in this instance, discharge temperature).   
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Figure 4-15 
Probability of plume use for Channel Catfish during winter-spring of 2013 near the 
Cumberland Fossil Plant, Tennessee as a function of discharge temperature and 
time-of-day (See Table 4-4). 
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Figure 4-16 
Horizontal bar graph of scaled parameter estimates of Channel Catfish during 
winter-spring 2013 near the Cumberland Fossil Plant, Tennessee.  Shaded bars 
indicate a parameter that was not included in the best-supported model. 

The best-supported model (wi = 1.00; Table 4-4) for Channel Catfish during 
summer 2013 indicated that the probability of plume use increased with ambient 
temperatures, was higher during the day, and was inversely related to fish size 
(Figure 4-17).  Ambient temperature had a positive effect (PE = 0.5931), while 
fish size (PE = -1.4869) and time-of-day (PE =1.7293) had roughly the same 
magnitude of effect on plume use but in opposite directions (Figure 4-18).  The 
predictive accuracy of the model was fair (AUC = 0.815; Table 4-4). 
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Figure 4-17 
Probability of plume use for Channel Catfish during summer of 2013 near the 
Cumberland Fossil Plant, Tennessee as a function of ambient temperature, total 
length, and time-of-day (See Table 4-4).  Only two of three significant variables 
were depicted in this plot. 

 

Figure 4-18 
Horizontal bar graph of scaled parameter estimates of Channel Catfish during 
summer 2013 near the Cumberland Fossil Plant, Tennessee.   
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The best-supported model (wi = 0.6; Table 4-4) for Smallmouth Buffalo during 
the summers of 2012 and 2013 indicated that the probability of plume use was 
inversely related to ambient temperature, varied between years, and was higher at 
night (Figure 4-19).  The probability of plume use declined rapidly when 
ambient temperatures exceeded 27°C. Year had the most pronounced effect 
(PE = 3.5069; plume use was higher in 2012), ambient temperature had a strong 
negative effect (PE = -1.7663), time-of-day had the weakest effect 
(PE = -0.8061) and fish size was not included in the best-supported model 
(Figure 4-20).  The predictive accuracy of the model was high (AUC = 0.895; 
Table 4-4). 
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Figure 4-19 
Probability of plume use for Smallmouth Buffalo during  the summers of 2012 and 
2013 near the Cumberland Fossil Plant, Tennessee as a function of ambient 
temperature, time-of-day, and year (See Table 4-4).  Only two of three significant 
variables were depicted in this plot. 
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Figure 4-20 
Horizontal bar graph of scaled parameter estimates of Smallmouth Buffalo during 
summers 2012 and 2013 near the Cumberland Fossil Plant, Tennessee.  Shaded 
bars indicate a parameter that was not included in the best-supported model. 

The best-supported model (wi = 0.64; Table 4-4) for Smallmouth Buffalo during 
winter-spring 2013 indicated that the probability of plume use increased with ΔT 
and was inversely related to fish size (Figure 4-21).  The change in temperature 
had a positive effect (PE = 0.8745) and fish size had a moderately negative effect 
(PE = -0.5683; Figure 4-22).  The predictive accuracy of the model was fair 
(AUC = 0.776; Table 4-4). 
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Figure 4-21 
Probability of plume use for Smallmouth Buffalo during winter-spring of 2013 near 
the Cumberland Fossil Plant, Tennessee as a function of ΔT and weight 
(See Table 4-4). 

 

Figure 4-22 
Horizontal bar graph of scaled parameter estimates of Smallmouth Buffalo during 
winter 2013 near the Cumberland Fossil Plant, Tennessee.   
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The best-supported model (wi = 0.72; Table 4-4) for Striped Bass during winter-
spring 2013 indicated that the probability of plume use increased with ΔT (which 
was also observed for Smallmouth Buffalo), was higher at night, and was not 
related to fish size (Figure 4-23).  The parameter estimate for ΔT was 1.1853 and 
time-of-day had the strongest effect (PE = -1.5681; Figure 4-24).  The predictive 
accuracy of the model was fair (AUC = 0.847; Table 4-4). 
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Figure 4-23 
Probability of plume use for Striped Bass during winter-spring of 2013 near the 
Cumberland Fossil Plant, Tennessee as a function of ΔT and time-of-day 
(See Table 4-4). 
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Figure 4-24 
Horizontal bar graph of scaled parameter estimates of Striped Bass during winter 
2013 near the Cumberland Fossil Plant, Tennessee.  Shaded bars indicate a 
parameter that was not included in the best-supported model. 
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Section 5: Discussion 
Temperature selection by fish near the CFP might be explained by several factors 
such as forage availability, rheotaxis, and bioenergetics [51], [8], [52]; however, 
testing the role of those (and other) environmental influences was beyond the 
scope of this study.  In the present study a large dataset of the actual thermal 
exposure of fish was amassed in order to assess the validity of thermal criteria and 
explore statistical relationships between environmental factors and plume use by 
fish.  Much of the pioneering research on behavioral thermoregulation of fishes 
near power plants was conducted in natural lakes with relatively easy to define 
thermal plumes [5].  The present study provides unique insight into behavioral 
thermoregulation in an open system with fluctuating flows and water levels. The 
Cumberland River at the CFP lacked hypoxic conditions during 2012 and 2013 
that would reduce available habitat.  In the absence of such habitat constraints, 
many fish of several species regularly used the thermal plume even when cooler 
well-oxygenated water was available.  

5.1 Upper Avoidance Limits 

Published information on the thermal tolerances of many species is limited in 
scope because of the use of juvenile subjects or impractical endpoints.  The 
published UALs of species in the present study were from a mixture of field and 
laboratory-derived sources. Only UALs were assessed in the present study 
because other thermal endpoint values (e.g., critical thermal maxima; incipient 
lethal temperature) were inconsistently reported, not available, or were too high 
relative to the range of temperatures observed near the CFP.  The upper 
incipient lethal temperature is the temperature beyond which 50% of the fish will 
die after a certain amount of time, usually one week [53]; this endpoint provides 
insight into a fishes’ response to chronic exposure to elevated temperatures.  
Critical thermal maxima (CTM) are the temperatures at which fish lose 
equilibrium or exhibit erratic behavior [54]; fish remaining at temperatures above 
their CTM will eventually die.  These lethal endpoints can be useful when 
developing maximum discharge standards during droughts or other extreme 
conditions, and if paired with in situ observations on temperature use and 
avoidance, these endpoints can contribute to the daily management of power 
plant discharges.   

Studies of free-ranging fish in an open system are limited to fish that occupy 
space within the receiver array long enough for data to be collected from them.  
Fortunately, over half of the fish tagged in the present study remained around the 
CFP (and the receiver array) for some time and volitionally interacted with the 
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altered thermal environment.  Of the fish that remained in the array long enough 
to collect data from during summer 2013, most of the Largemouth Bass (6 of 9) 
and Smallmouth Buffalo (3 of 5) were observed making distinct forays into the 
warm plume waters, while only two of four Channel Catfish undertook such 
forays.   

Understanding the thermal niche of a species from field observations in relation 
to its thermal tolerance limits clarifies inter- and intra-specific competition for 
temperature as a limited ecological resource [47].  Temperature observations for 
Largemouth Bass during the summers of 2012 and 2013 indicated fish may have 
been responding to a combination of upper and lower thermal tolerances.  The 
upper range of the field-derived realized thermal niche of Largemouth Bass was 
higher than the published 29°C UAL [55] and nearly exceeded the 30°C UAL 
[56], which suggests these values were not accurate UALs.  The 33°C UAL for 
Largemouth Bass was based on juvenile subjects [57] and may not be applicable 
to free-ranging adults near the CFP.   

Temperature observations for Channel Catfish during summer 2013 indicate 
they were using temperatures near their upper thermal tolerance limit. The upper 
range of the realized thermal niche came close to the 32°C UAL [58] and that 
limit may be a valid UAL.  Conversely, the 34°C and 35°C UALs for Channel 
Catfish [59], [60] were derived from electrofishing and a laboratory study of 
juveniles and were probably too high to be pertinent to free-ranging adults near 
the CFP.  Although summer 2013 was relatively cool, Channel Catfish rarely 
used temperatures above or near 34°C and 35°C when they were available.   

Temperature observations for Smallmouth Buffalo during the summers of 2012 
and 2013 suggested that they were responding to a combination of upper and 
lower tolerances.  According to a Smallmouth Buffalo Habitat Suitability Index 
model, individuals are most likely to be collected in waters with a mean 
temperature of 24°C [61] and Gammon [59] postulated a UAL of 34.5°C for 
Ictiobus species based on electrofishing sampling. These previous studies lacked 
the fine-scale precision of the present study and were limited to coarse 
assessments of the thermal exposure of Smallmouth Buffalo.  Based on the 
thermal exposure of free-ranging Smallmouth Buffalo, regulations based on the 
34.5°C UAL might be too high for populations near the CFP. 

Determining the relative amount of time a particular fish or species interacted 
with the thermal plume helped describe how fishes were responding to the 
altered thermal environment.  Although most of the Largemouth Bass used the 
thermal plume at some point, fish #82 was observed at plume temperatures for 
the entirety of 13 days.  Fish #82 was the smallest fish tagged and probably 
resided in the discharge canal for extended periods.  Conversely, fish #230b and 
fish #212 were two of the largest Largemouth Bass tagged and had the most days 
classified as “cold”.  As a group, Largemouth Bass were classified as having more 
“cold” days than “hot” or “mixed” days.  Most (3 of 5) of the tagged Channel 
Catfish were observed for less than four days. The two fish that were in the array 
the longest had most of their days classified as “mixed” or “cold”.  Channel 
Catfish are more likely to roam than Largemouth Bass [62], hence, the higher 
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proportion of mixed days.  Smallmouth Buffalo in summer 2012 frequently 
occupied the plume.  However, Smallmouth Buffalo in summer 2013 rarely 
occupied the plume exclusively throughout the days they were in the array; they 
tended to occupy ambient-temperature water for a portion of each day or 
exclusively.  Half (3 of 6) of the Smallmouth Buffalo occupied the array  for only 
one or two days and the other half that frequented the array had more days 
classified as  “cold” than “mixed”.  Smallmouth Buffalo are typically demersal and 
feed on zooplankton and benthic invertebrates near the bottom [63] and as such, 
would spend most of their time beneath the plume unless they occupied shoreline 
habitats or actively selected the warmest water available.   

5.2 Modeling Plume Use 

Other telemetry studies have discussed the unique individual behaviors of fish 
[9], [64]; however, those studies did not formally account for individual fish 
behavior in their analyses, which could introduce biases or artificially inflate 
sample sizes. In contrast, the present study used Generalized Linear Mixed 
Effects Models (GLMM) to account for dependence associated with individual 
fish behavior.  Given that degrees of freedom were low in the statistical models 
yet significant trends were still detected suggests that the models were 
highlighting ecological drivers rather than spurious relationships.   

During winter-spring, tagged Largemouth Bass did not return to the array 
immediately after surgery and fish were not regularly detected until early April.  
Tagged Largemouth Bass were frequently in the receiver array, but spent most of 
their time in cooler ambient temperatures; on only three days were more than 
50% of observations at plume temperatures.  Hanson et al. [65] documented a 
decrease in activity (i.e., daily distance traveled) and range reduction of 
Largemouth Bass in winter and a pronounced increase in activity and range 
during spring with warming water temperatures.  Once tagged fish moved into 
the receiver array in the present study, their plume use increased with rising 
discharge temperatures. Tagged Largemouth Bass were likely responding to the 
warmer water with increased activity and searching for suitable habitat [65].  
Greater plume use at night suggests Largemouth Bass may have been foraging in 
the plume during the latter portions of the evening crepuscular period [66], [67].  
Although four Largemouth Bass were detected in the plume during winter-
spring 409 times (out of 1,732 total observations), the predictive accuracy of the 
model was low.  The same factors that attracted tagged fish to the receiver array 
were likely the same factors that confounded predictions of plume use (e.g., prey 
availability). 

Largemouth Bass were often detected occupying the coolest temperatures 
available during summer 2013 with brief forays into warmer water.  On only 18 
of 81 days when fish were in the array were more than 50% of observations at 
plume temperatures.  Fish size was by far the strongest predictor and likely 
stemmed from an ontogenetic shift in habitat use and temperature preference, 
which has been demonstrated in other species [68], [69], [70].  Fish often exhibit 
an ontogenetic shift in habitat requirements as they grow to avoid niche overlap 
and intraspecific competition [71].  In the present study, smaller Largemouth 
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Bass were much more likely to occupy the elevated temperatures of the plume 
than larger fish.  During summer 2013, discharge temperature was a weak 
secondary predictor of plume use for Largemouth Bass.  The effect was not 
pronounced, rather just a gradual decline in plume use as temperatures increased.  
The occasional forays into the thermal plume made by tagged fish were possibly 
foraging expeditions.  Largemouth Bass typically spend most of their time 
associated with cover, but have been shown to spend some time actively searching 
for prey [72].  The weakest significant effect predicting plume use of 
Largemouth Bass during summer 2013 was time-of-day (daytime or nighttime).  
Largemouth Bass are most active during crepuscular hours and activity levels 
decline at night [5], [66].  The time-of-day delineation used in this study was a 
binary variable based on sunrise/sunset times, and the weak effect may have been 
due to an inability to discern crepuscular peaks in plume use.   

Channel Catfish were detected throughout the range of temperatures available in 
winter-spring 2013.  Tagged Channel Catfish were often in the receiver array 
and spent nearly half of their time in plume temperatures.  On 20 of the 44 days 
when fish were in the array, more than 50% of observations were at plume 
temperatures.  Plume use was weakly and positively related to discharge 
temperatures and daylight hours.  A study assessing species abundance near a 
heated effluent in the winter-spring observed higher catch rates of Channel 
Catfish when water temperatures were high [73].  This corroborates the positive, 
albeit weak, relationship observed in the present study between higher discharge 
temperatures and increased plume use in winter-spring.  Channel Catfish 
typically seek calm areas and cover during the day and forage at night [67].  
Additionally, Reynolds and Casterlin [74] observed a significant increase in the 
activity of the congeneric Yellow Bullhead Ictalurus natalis at night in a 
laboratory study.  Therefore, higher use of the plume during the day suggests that 
Channel Catfish may have been utilizing the thermal plume as a refuge.  
Observations of Channel Catfish in the array were more numerous in the winter-
spring than summer but even the best-supported model had poor predictive 
abilities.  Ictalurids in general tend to be inactive during the winter-spring [75].  
Likewise, Cooke and McKinley [9] were not able to detect any significant 
correlations between Channel Catfish winter-spring plume residency and several 
environmental variables such as temperature and discharge volume.   

Channel Catfish during summer 2013 regularly used the warmest waters in the 
array.  On 34 of the 51 days when fish were in the array, more than 50% of 
observations were at plume temperatures.  Plume use was greatest during the day, 
especially for smaller fish when ambient river temperatures were warmest.  
Smaller Channel Catfish using the plume more often than larger fish probably 
relates to an ontogenetic shift in temperature or habitat preference [1], [76].  As 
noted above, Ictalurids are most active at night [74], [67] and Channel Catfish 
were likely resting in the elevated temperatures of the plume during the day (as in 
winter-spring) and foraging throughout the receiver array at night.  Regardless of 
time-of-day, Channel Catfish used the plume the most when the Cumberland 
River was warmest. Plume use had an asymptotic relationship with ambient 
temperatures and the warmer the water, the more likely Channel Catfish were in 
the plume. Summer 2013 was relatively cool with daily average discharge 
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temperatures exceeding 34°C on only two days compared to 26 days in 2012.  
Considering that tagged Channel Catfish plume use was related to the ambient 
temperatures and the observed temperature distribution was negatively skewed, 
the plume temperatures were probably close to but did not exceed their UALs.  
Channel Catfish may have been using portions of the plume in order to precisely 
thermoregulate near an upper tolerance limit.   

During the summers of 2012 and 2013, Smallmouth Buffalo were observed over 
a wide range of temperatures around the CFP.  On 38 of the 85 days when fish 
were in the array, more than 50% of observations were at plume temperatures.  
Smallmouth Buffalo used the thermal plume more in 2012 than 2013 perhaps 
because summer 2012 was much warmer than 2013. Despite having the highest 
reported UAL of any of the species studied, Smallmouth Buffalo appeared to be 
more sensitive to changing water temperatures than Channel Catfish or 
Largemouth Bass because their use of the plume declined abruptly relative to the 
other two species when ambient temperatures were above 26°C.  The best-
supported model indicated that Smallmouth Buffalo used the plume more at 
night during the summer, which is the time of day that another catostomid 
species was most active in a laboratory study [77].   

Tagged Smallmouth Buffalo often occupied the warmest water available during 
winter-spring 2013.  Smallmouth Buffalo in winter-spring were regularly in the 
array until late March and left the area presumably to undergo their spawning 
migrations which typically start at 15-16°C in the-spring [67].  On 25 of the 26 
days when fish were in the array, more than 50% of observations were at plume 
temperatures.  The most important temperature variable predicting plume use 
was not discharge or ambient temperature, but ΔT.  When ΔT was low, tagged 
fish were more likely to be detected in the cooler waters in the receiver array.  An 
ontogenetic shift in thermal ecology as noted above for other species was also 
observed for Smallmouth Buffalo: smaller fish were more likely to use the plume 
than larger fish.  This study demonstrated that Smallmouth Buffalo in the 
vicinity of a power plant in the winter-spring will be attracted to the thermal 
plume; it is not known whether they would be susceptible to cold-shock if CFP 
operations ceased. Smallmouth Buffalo are a large river species and the most 
habitat-specific species of the Ictiobus genus [67]; however, few studies have 
focused on Smallmouth Buffalo biology and until now, little was known about 
their thermal ecology.   

Striped Bass were observed at temperatures as high as 21°C in winter-spring.  
When Striped Bass were in the array during winter-spring, over 99% of the 
observations were at plume temperatures.  The magnitude of the temperature 
change was a better predictor of plume use than ambient or discharge 
temperatures. When ΔT was low (< 4°C), so was plume use. Striped Bass plume 
use was greatest at night and increased nocturnal activity of Striped Bass has been 
demonstrated in other field studies [78].  Striped Bass abundance in reservoirs 
elsewhere has been linked to shad (Dorosoma spp.) density [79].  During winter-
spring fish collections in the present study, large schools of shad were frequently 
observed in the heated effluent and those prey fishes probably attracted predators 
to the area [80].  Prey availability affects the temperature selection and 
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distribution of some predatory species [81]; however, no prey availability data 
were available to coincide with the temperature and plume-use data collected in 
the present study.   

 



 

Ö 6-1 Ü 

 

Section 6: Conclusions and 
 Recommendations 

A long-term continuous acoustic telemetry array enabled the present analysis of 
the behavioral thermoregulation of fishes.  In prior decades, ultrasonic arrays 
were not used near active industrial sites over concerns of acoustical interference 
and poor receiver reception from entrained air, high water velocities, and 
proximity to heavy machinery [32].  In the present study, data pretreatment 
eliminated false receptions and further use of these technologies is expected in 
thermal criteria development and other biological assessments.   

This study demonstrated that fish sedated with an electric cradle could be 
successfully handled and tagged during summer months at high water 
temperatures. The efficacy at elevated temperatures of the electric cradle versus 
traditional chemical sedatives was not tested; however, some mortality would be 
expected if chemical sedatives were used and fish were handled at elevated 
temperatures [82] and there was no evidence in the present study that any fish 
died after being sedated with the electric cradle and tagged. This study also 
demonstrated that if enough fish are collected from the vicinity of a heated plume 
and tagged, a sufficient number will remain in the area to provide data on how 
fish interact with the plume.  

Fishes in the vicinity of the CFP in the present study were regularly exposed to 
the potentially deleterious effects of the heated effluent but in many instances 
fish still voluntarily sought out the heated plume, especially in winter-spring.  
Laboratory results suggest brief exposures above critical thermal endpoints are 
not necessarily detrimental and full recovery can occur if fish are able to return to 
tolerable temperatures [14] and in the present study, some species occupied water 
temperatures above their published thermal tolerance limits for short periods of 
time. The continuous-telemetry approach used in the present study also captured 
short-term movements of tagged fish into and out of the thermal plume and such 
information was critical in the development of thermal stress models 
(Bevelhimer, in press). 

For each species:season combination, at least one environmental or biological 
variable was identified that explained a significant amount of variation in plume 
use. The five variables examined (ΔT; ambient temperature; plume temperature; 
time-of-day; fish size) were only a subset of potentially relevant variables that 
might influence plume use. Future research into how fish interact with thermal 
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plumes should consider a larger subset of variables that could be important at 
other facilities (e.g., river flows; volume of water discharged; size of the plume 
relative to the receiving waterbody). 

The degrees of freedom (i.e., numbers of fish of each species that provided data) 
in the present study were low yet the statistical models detected significant 
relationships between plume use and environmental variables. This suggests that 
the models were highlighting ecological drivers rather than spurious 
relationships. Those modeling efforts also clearly revealed that the suite of 
variables influencing plume use were generally species and season-specific. Only 
two of seven species:season combinations (Largemouth Bass and Channel 
Catfish in winter-spring) shared the same suite of predictor variables (discharge 
temperature and time-of-day).  Across all species:season combinations, time-of-
day (i.e., night – versus – day) was the most common variable included in the 
best models.  In contrast, two of the three temperature variables (ΔT and 
ambient river temperature) were the least common predictor variables in the best 
models; they each appeared in two of the best models and discharge temperature 
appeared in only three of the seven best models. 

Laboratory studies provide more control and repeatability; however, a field study 
has the advantage of studying fish in a dynamic environment.  Because of the 
suite of on-site variables affecting temperature selection and avoidance by fish, it 
is desirable to couple field and laboratory studies when establishing thermal 
criteria so that standards are appropriately strict and aptly protective.  
Additionally, thermal standards should consider both isolated extreme events and 
daily medians to account for more realistic exposures [14].   

Tag telemetry technology is continuing to evolve rapidly and future research into 
fish:plume interactions should consider using custom-tags with external 
thermistors. In the present study there was a lag of several minutes between tag 
equilibration and a change in water temperature. An external thermistor would 
detect changes in the temperature of water a fish was occupying more quickly and 
provide greater resolution into the behavior of fish in and around a thermal 
plume.   

Future work should also consider the use of electromyogram transmitters 
(EMGi) to record physiological responses of fish in and around the thermal 
plume.  This data could be used to validate thermal stress models as well as 
determine the metabolic rates of tagged fish in the receiver array [29].  Because 
EMGi tags are considerably more expensive than ordinary ultrasonic tags, it 
would be best to focus telemetry efforts on a single species to maximize sample 
size and compensate for fish leaving the area.  Based on the present study, 
Largemouth Bass would be the most suitable species for EMGi tags at the CFP. 
Of all the species tagged, Largemouth Bass were tracked for the longest amount 
of time and had the highest percentage of individuals remain in the receiver 
array. 
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Appendix A:  
Table  A-1 
Depth, surface and bottom temperatures, surface and bottom dissolved oxygen (DO) concentrations 
(mg/L), and estimated plume depth (m) recorded on September 5, 2013 along transects below the 
Cumberland Fossil Plant, Tennessee. See Methods for description of transect locations. 

Transect Total 
Depth  

Surface 
°C 

Surface 
DO 

Bottom  
°C 

Bottom 
DO 

Plume 
Depth 

1 1.8 32.9 7.1 32.6 6.7 1.8 

1 14.2 33.0 7.0 27.4 6.7 7.0 

1 13.1 33.0 6.9 27.5 7.5 . 

1 12.7 32.7 6.9 27.5 7.2 . 

2 5.3 33.6 6.7 33.5 6.3 . 

2 11.2 33.3 6.7 27.4 7.2 6.0 

2 13.4 33.1 6.7 27.4 6.8 7.5 

2 4.2 33.2 6.7 33.1 6.6 . 

3 4.9 33.3 6.7 33.0 6.5 . 

3 12.4 33.2 6.4 27.4 7.1 4.7 

3 14.3 33.3 6.8 27.3 6.8 7.0 

3 3.0 33.2 7.2 29.8 7.8 . 

4 7.2 32.9 6.7 28.8 6.7 4.3 

4 12.6 33.0 6.9 27.4 7.0 6.6 

4 13.3 33.4 6.9 27.4 7.5 6.9 

4 4.1 33.5 6.9 32.7 6.8 . 

5 13.8 33.0 6.7 27.3 7.1 5.5 

5 17.6 32.9 6.8 27.3 6.8 5.8 

5 12.6 32.9 7.0 27.4 6.1 6.2 

5 2.1 32.6 7.4 31.2 7.8 . 

6 1.0 32.4 7.6 31.9 7.5 . 

6 10.1 32.3 7.1 27.4 7.2 6.3 

6 10.6 32.8 7.4 27.3 7.3 5.2 



 

 A-2 

Table A-1 (continued) 
Depth, surface and bottom temperatures, surface and bottom dissolved oxygen (DO) concentrations 
(mg/L), and estimated plume depth (m) recorded on September 5, 2013 along transects below the 
Cumberland Fossil Plant, Tennessee. See Methods for description of transect locations. 

Transect Total 
Depth  

Surface 
°C 

Surface 
DO 

Bottom  
°C 

Bottom 
DO 

Plume 
Depth 

6 10.0 32.2 7.6 27.3 7.3 5.4 

7 12.3 32.8 7.6 27.4 7.0 6.0 

7 12.8 33.0 7.3 27.4 7.1 7.1 

7 13.4 32.6 7.4 27.5 7 6.8 

7 5 32.9 7.6 29.9 6.8 4.2 

8 4.9 32.1 8.1 28.5 7.3 4 

8 11 33.1 7.9 27.4 7.1 5.4 

8 13.9 33.4 7.9 27.4 7.3 4.5 

8 12.6 33.5 7.6 27.5 7.4 5.5 

9 12.7 32.8 7.8 27.5 7.1 5.6 

9 15.4 33.1 8.4 27.4 7 5.4 

9 12.9 32.8 7.8 27.5 6.9 7 

9 8.2 32.9 8.4 27.8 7.4 5 

10 9.4 32.4 8.7 27.5 7.5 3.6 

10 10.4 32.5 8.6 27.5 7.2 5.1 

10 10 32.5 8.7 27.5 7.4 5.4 

10 9.5 32.6 8.6 27.6 7.9 4.7 

11 12.3 32.5 8.2 27.6 6.7 7 

11 13.5 32.4 9 27.6 7.3 7.5 

11 14.6 32.4 9.5 27.5 7.2 8.7 

11 9.7 32.2 9.2 27.6 7 5.4 
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