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Low oxygen tolerances of ten fishes were estimated 

using an original nitrogen cascade design, and reciprocally 

transformed to express responses as ventilated volume 

necessary to satisfy minimal oxygen demand (L*mg 02
_1). 

Values ranged from 0.52 to 5.64 L^mg"1 and were partitioned 

into three statistically distinct groups. Eight stream 

fishes showed moderately high tolerances reflecting 

metabolic adaptations associated with stream intermittency. 

Juvenile longear sunfish and two mollies comprised the 

second group. High tolerance of hypoxia may allow juvenile 

sunfish to avoid predation, and mollies to survive harsh 

environmental oxygen regimens. The sheepshead minnow was 

the most tolerant species of low oxygen, of those examined, 

explaining its presence in severely hypoxic environments. 

Low oxygen tolerance was inversely correlated with 

weight in longear sunfish and positively correlated in 

fathead minnows. Oxygen tolerance of fathead minnows was 

significantly decreased at high temperatures. Minimum 

oxygen tolerance of fish exposed to static copper 



concentrations for 48 h, decreased with increased 

concentration, but returned to control levels by 72 h. 

Dynamic thermal tolerance estimates of sheepshead 

minnows incorporated temperature—rate effects; whereas, 

static methods were sensitive to exposure time. Both 

methods accurately classified fishes into appropriate 

thermal groups; however, values were not directly 

equivalent. The static thermal tolerance zone of sheepshead 

minnows was the largest ever measured for a fish (1379°C2). 

Dynamic tolerance limits nearly encompassed the biokinetic 

zone. Extreme temperature tolerance and cold temperature 

thigmothermic behavior allow sheepshead minnows to survive 

severe thermal environments. 

Thermal intolerance of sheepshead minnows could not be 

related to ice formation or protein coagulation, because 

fish lost equilibrium before reaching these temperatures. 

Furthermore, tolerances were not enhanced by 

hyper—oxygenation or isosmotic conditions, but were 

decreased at stressful oxygen and ambient salinity levels. 

These factors influenced, but did not cause, thermal 

intolerance of sheepshead minnows. Dynamic thermal 

tolerance of sheepshead minnows at high pressures suggest 

changing tertiary enzyme configurations were the cause of 

thermal intolerance. 
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CHAPTER I 

INTRODUCTION TO THE STUDY 

In his keynote address to the Physiology Section at the 

124th meeting of The American Fisheries Society (1993), Dr. 

Carl Schreck reflected on the pervasive impact of the Dr. F. 

E. J. Fry paradigm as the principle tenet directing the 

study of fish physiology. Specifically, the Fry paradigm 

contends that animal activity is distinct from metabolism, 

that the environment influences activity by acting on 

metabolism, and that integrated metabolic responses have 

meaning only when interpreted with respect to an animal's 

activity within its environment. The work that I have 

presented here applies Fry's concepts to physiological and 

behavioral responses of selected Texas fishes to 

environmental abiotic factors, and ultimately attempts to 

isolate mechanisms controlling thermal intolerance of 

fishes. 

Mechanisms responsible for thermal intolerance of 

fishes have eluded researchers for over 60 years. Problems 

associated with testing, classifying and interpreting 

thermal responses of fishes have proved so persistent, that 

most thermal biologists have adopted a multiple mechanism 



approach to explain their results. Consequently, a variety 

of hypotheses have been advanced to explain thermal 

intolerance among fishes. In some cases, multiple causes 

are proposed to explain thermal responses within the same 

species under different experimental conditions. The 

studies that follow, examine the validity of the multiple 

mechanism model of thermal intolerance by determining the 

mechanisms that contribute to, and ultimately cause, thermal 

intolerance of the sheepshead minnow, Cvprinodon varieqatus. 

The contention that some biotic and abiotic factors can 

modify (influence) tolerance levels, even when they are not 

themselves causative, was examined for both low oxygen and 

thermal tolerance. This phenomenon was demonstrated in 

Texas fishes by quantifying effects of acclimation 

temperature, and exposure to sublethal copper concentrations 

on low oxygen tolerance of the fathead minnow, Pimephales 

promelas. In addition, ontogeny—related changes of low 

oxygen tolerance were evaluated for fathead minnows and 

longear sunfish, Lepomis megalotis. and the ability of 

oxygen and ambient salinity to modify thermal tolerance of 

the sheepshead minnow was addressed in detail. 

An important aspect of these experiments was to 

minimize the influence of secondary environmental factors on 

thermal intolerance of fish by using a species tolerant of 

low oxygen, ambient salinity and temperature. In areas of 

their distribution where water temperatures can become 



extremely elevated, it is not uncommon for sheepshead 

minnows to be exposed to hypoxic and hyper-saline 

conditions. Indeed, these fish are often found in habitats 

so abiotically extreme that they are the only species 

present. Salinity tolerance of the sheepshead minnow has 

been previously determined and is cited, but not replicated, 

here. Low oxygen and thermal tolerance limits of this 

species, however, are unknown. It was necessary, therefore, 

to quantify certain underlying physiological attributes of 

the sheepshead minnow before mechanisms causing thermal 

intolerance could be defined clearly. 

Physiological and behavioral responses of sheepshead 

minnows to low oxygen were determined using a newly 

described nitrogen cascade technique. The results for 

sheepshead minnows were compared to similar estimates from 

nine other common, Texas fishes, to test the premise that 

sheepshead minnows are relatively tolerant of hypoxia. In 

accordance with the central theme of the research, the 

potential advantages of relating oxygen tolerance to 

metabolic effects and activity of fishes by reciprocal 

transformation of data were also explored. 

Although partial tolerance estimates of some fishes 

from the genus Cvprinodon suggest that they are among the 

most eurythermous fishes known, a complete thermal profile 

has never been determined in a cyprinodontid. This 

hypothesis was tested for sheepshead minnows by estimating 



upper and lower temperature tolerance under both static and 

dynamic testing regimens, and comparing the results to 

similar measures for other species. Data were then 

interpreted and discussed with respect to the methodology 

used and their potential efficacy as a life history tactic 

for surviving thermal extremes in nature. 

Mechanisms governing temperature susceptibility of the 

sheepshead minnow were determined by directly testing the 

proposed hypotheses of thermal intolerance of fishes. These 

experiments, for the first time, test all the hypotheses 

directly at the same level of biological organization using 

a single fish species. Causative or primary factors of 

thermal intolerance were identified by their ability to 

enhance and reduce thermal tolerance of sheepshead minnows. 

Mechanisms that exclusively decreased thermal tolerance when 

altered, were classified as influencing or secondary 

factors. 

In testing the conventional views of thermal 

susceptibility of fishes, the work presented here aspires to 

alleviate what Fry (1971) refers to as "our still profound 

ignorance" concerning the nature of thermal intolerance of 

fishes. These experiments attempt to determine if thermal 

intolerance is the result of multiple mechanisms, or 

instead, reflects a single physiological response influenced 

by multiple exogenous factors encountered by fishes in their 

natural envi ronment. 



CHAPTER II 

OVERVIEW OF TECHNIQUES FOR REMOVING OXYGEN FROM WATER 

AND A DESCRIPTION OF A NEW OXYGEN DEPLETION SYSTEM 

Introduction 

Responses of fishes to low oxygen have important 

implications in fisheries management. Unfortunately, low 

oxygen experiments often are hampered by difficulties 

associated with deoxygenating water (Mount 1961). The 

oxygen content of water can be reduced by decreasing oxygen 

solubility, removing dissolved oxygen biologically or 

chemically, or reversing the oxygen diffusion gradient. 

Some methods have serious drawbacks, and others are not 

practical for researchers with limited resources. The 

variety of methods make choosing an appropriate system 

difficult. The advantages and drawbacks of various oxygen 

depletion methods are reviewed here, along with a 

description of an apparatus used to remove oxygen from water 

at predictable rates during low oxygen tolerance tests. 

Review of Methods 

Decreasing oxygen solubility of water 

Systems that reduce oxygen solubility of water by 

boiling have been described by Wilding (1939) and Jones 



(1952). Although these systems can inexpensively 

deoxygenate large volumes of water, they are plagued by 

several problems. Water prepared in this manner must be 

cooled and transferred to the test chamber. In addition, 

boiling alone will not completely remove oxygen, and 

additional methods are needed to extract residual oxygen; 

consequently, these systems are difficult to build and 

operate. Perhaps the biggest drawback of this method is 

that boiling eliminates dissolved C02 and carbonates, 

thereby altering water quality parameters such as pH and 

hardness. Of the methods discussed here, altering oxygen 

solubility of water by boiling is probably the least 

effective. 

Removing oxygen chemically or biologically 

Dissolved oxygen can be removed from water by adding 

chemicals such as sodium dithionite or sodium sulfite (e.g., 

Lewis 1970; Kramer 1983; Beitinger and Pettit 1984). 

Chemical oxygen removal requires no special equipment and 

thus, is particularly well suited for field experiments. In 

addition, the stoichiometric relationship between oxygen 

content and sulfite concentration allows precise control of 

oxygen levels (e.g., 7.9 mg of sodium sulfite will reduce 

the oxygen content of 1 L of water by 1 mg»L"1). The 

presence of sulfite in water, however, is the major 

criticism of this technique. Even moderate chemical 



reductions of oxygen content will cause sulfite levels to 

increase quickly, and may lead to ion—osmoregulatory 

problems in fishes. Although Lewis (1970) and Kramer (1983) 

reported no observable behavioral response to increased 

sulfite levels for fishes in their experiments, potential 

problems associated with secondary effects of sulfite on 

fishes should be considered when chemical deoxygenation is 

used. 

Oxygen can also be removed from water biologically by 

using sealed jar or residual oxygen challenge techniques. 

In these applications one or more fish are placed in a 

sealed container and allowed to deplete the oxygen via 

normal respiratory processes. Residual oxygen is measured 

after the last fish dies. Sealed jar techniques have been 

used extensively as a bioassay for paper pulp (e.g., Carter 

1962; Gordon and McLeay 1977) as well as other toxins (e.g., 

Ballard and 01 iff 1969; Stephenson 1984), and modified 

versions of the technique have been used to evaluate oxygen 

requirements of fishes (Wiebe et al. 1934; Congleton 1980). 

The method is rapid, sensitive and its simple design makes 

it an affordable option for most aquatic laboratories. An 

additional advantage of this method is that the oxygen 

consumption rates of the fish can be estimated from periodic 

measurements of dissolved oxygen in the chamber. Oxygen 

consumption estimates should not be made, however, after 20% 

of the total oxygen in the system has been consumed, to 
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avoid spurious oxygen consumption estimates once fish have 

reached critical oxygen tensions (Stephenson 1976). 

Drawbacks associated with sealed jar methods include 

variability of oxygen depletion rates among experiments due 

to different temperatures or species of fish used (Gordon 

and McLeay 1977), and deterioration of water quality from 

degradation of dead fish (Schreck and Brouha 1975). 

Reversing oxygen diffusion gradients 

Gas to liquid diffusion occurs in response to 

differences in partial pressure, consequently, exposing 

water to a partial vacuum will reverse the oxygen diffusion 

gradient causing oxygen to leave water. Jones (1952) used 

vacuum degassing to eliminate residual oxygen in water after 

boiling, and Mount (1961) later described a complete 

degassing system for flow-through experiments where large 

volumes of water are needed. Vacuum systems produce 

extremely stable oxygen concentrations (variation less than 

0.1 mg^L"1) and require little daily adjustment (Mount 

1964). The major problems associated with vacuum degassing 

include fouling of vacuum pump oil by water vapor drawn off 

during the degassing process (Jones 1952; Mount 1964) and 

system complexity. Although Mount later modified his 

original design to minimize these problems (Mount 1964), the 

modified system requires more expensive equipment than the 

original and is sensitive to small air leaks. Because of 



the problems associated with vacuum deoxygenation, this 

method is not widely used for oxygen tolerance experiments; 

however, vacuum degassing is probably a viable option for 

laboratories with the technical expertise and resources 

available to build such systems. 

Nitrogen displacement is probably the most 

commonly-used oxygen elimination technique. As nitrogen gas 

is bubbled through water, oxygen diffuses into the nitrogen 

stream and is carried away. Nitrogen techniques are 

relatively inexpensive, and the rate of oxygen removal is 

controlled by nitrogen flow rate and not oxygen consumption 

by fishes. In addition, a wide variety of nitrogen 

displacement systems have been described for controlling 

oxygen content of water in both flow-through (Fry 1951; 

Hicks and DeWitt 1970; Stott and Cross 1971) and static 

systems (Katz et al. 1959; Petrosky and Magnuson 1973, 

Steffensen et al. 1982). 

Unfortunately, most nitrogen displacement systems are 

complex, need frequent adjustments and use large amounts of 

nitrogen gas. Furthermore, many nitrogen systems require 

secondary treatment to reduce oxygen content below about 1 

mg'L"1 (e.g., Kramer and McClure 1982; Beitinger and Pettit, 

1984). Jones (1952) and Burton et al. (1980) consider 

nitrogen gas bubble disease a potential drawback associated 

with nitrogen degassing systems. However, nitrogen gas 

bubble disease occurs only if water is supersaturated with 
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nitrogen (Bouck 1980), an unusual condition at normal 

atmospheric pressures (Stoskopf 1993), thus gas bubble 

disease arising from nitrogen displacement is probably 

uncommon. 

Apparatus Description 

I have developed and tested a static oxygen depletion 

system to evaluate responses of fishes to steadily 

decreasing oxygen content. This system may be classified as 

a sealed nitrogen displacement design (Figure 1). The test 

chamber is a 21-L glass aquarium (40x27x20 cm) with a 

recessed inner top frame made to accommodate an aquarium 

hood. A 1.3—cm thick acrylic lid, cut to fit the inner 

dimensions of the top frame, isolates the test chamber from 

the atmosphere. The nitrogen tubing, oxygen probe and one-

way valve enter the test chamber through openings cut in the 

lid. Oxygen is removed from the water by a cascade of 

nitrogen bubbles created as nitrogen from a compressed gas 

cylinder is forced through a 35—cm length of porous 

polyethylene tubing (1 cm outside diameter) at the bottom of 

the test chamber. Gases leave the test chamber through a 

one—way valve in the lid. Oxygen is prevented from 

reentering the chamber by a seal of stopcock grease between 

the lid and top frame. Magnetic stir bars are used to 

provide uniform mixing of water in the test chamber. 
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Figure 1.- Sealed nitrogen displacement system for removing 
dissolved oxygen from water. 



12 

Nitrogen flow rate is controlled by a 

pressure—compensated flow meter between the nitrogen source 

and test chamber. Although flow meters can be purchased, an 

inexpensive bubble—type flow meter can be made by attaching 

a tee connector with a squeeze bulb, filled with leak 

detector or soap solution, to the tip of a 50—ml burette; 

nitrogen gas enters the burette through the side arm of the 

tee. Squeezing the bulb introduces the solution into the 

burette forming a bubble which is pushed up the tube by 

incoming nitrogen gas. Flow rate is then calculated from 

the time needed for one bubble to move up the flow tube. 

Flow rates are controlled by the burette stopcock. A 

flow rate of 0.30 L-min"1 will reduce test chamber oxygen 

content by approximately h every 20 minutes. Oxygen levels 

can be reduced from 8.0 mg«L"1 to below detection level (< 

0.05 mg»L_1) in about 2 h. Oxygen concentrations can be 

continuously monitored by an oxygen probe or by removing 

water from the test chamber through an opening in the 

acrylic lid. 

This apparatus combines the advantages of sealed jar 

methods with nitrogen displacement techniques to produce a 

system that is insensitive to small air leaks, demands 

little maintenance and is easily constructed from materials 

commonly found in most aquatic laboratories. Oxygen 

depletion rates are controlled by the investigator and vary 

less than 5% among trials as long as nitrogen flow is 
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constant. At a flow rate of 0.30 L^min"1 and average trial 

duration of 2 h, a cylinder of nitrogen containing 254 cu ft 

will last for about 200 trials. Sealed nitrogen 

displacement eliminates water quality problems associated 

with biological or chemical deoxygenation by reducing oxygen 

quickly without the addition of chemicals. 



CHAPTER III 

INTERPRETING MINIMUM OXYGEN TOLERANCE OF FISHES FROM 

RECIPROCALLY TRANSFORMED OXYGEN CONCENTRATIONS 

Introduction 

Although fishes are often found in waters where oxygen 

concentrations are inherently low and variable, minimum 

oxygen levels necessary for sustained survival vary widely 

among species. Some salmonids, for example, are intolerant 

of oxygen concentrations below 3 to 5 mg«L~l (e.g., Davison 

et al. 1959; Silver et al. 1963; Alabaster et al. 1979), 

whereas, crucian carp, Carassius carassius, reportedly 

survive anoxic conditions for up to 2 months (Blazka 1958). 

Low oxygen tolerance can vary widely even within the same 

species (Wilding 1939; Moore 1942; Doudoroff and Shumway 

1970). For example, published minimum oxygen concentrations 

lethal to yellow perch, Perca flavescens. range from 3.1 to 

0.0 mg'L"1 (Moore 1942). 

A thorough understanding of low oxygen tolerance is 

important for stock management and predicting impacts of 

hypoxic episodes on fish populations. Unfortunately, 

attempts to summarize minimum oxygen tolerance data among 

and within species have been hindered by high variability. 

Consequently, existing summaries are generally vague and 

14 
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replete with qualifications and exceptions (Moore 1942; 

Davison et al. 1959; Doudoroff and Shumway 1967; Doudoroff 

and Shumway 1970). Even some investigators have concluded 

that the distribution of responses of organisms to low 

oxygen make no biological sense (Prosser and Brown 1961; van 

Winkle and Mangum 1975). 

Differences in age or size (Wilding 1939; Doudoroff and 

Shumway 1970), genetic strain (Dunham et al. 1982), 

environmental factors such as temperature or season 

(Doudoroff and Shumway 1967), water quality (Davison et al. 

1959), compensatory strategy, and experimental methodology 

(Davison et al. 1959), can explain some of the variability 

among low oxygen tolerance measurements. Although, most of 

these factors have been studied extensively, physiologists 

have been slow to appreciate the impact that the numerical 

expression of the measures themselves can have on 

interpretation. 

Doudoroff and Shumway (1967) recognized potential 

problems associated with the format of oxygen tolerance 

values and recommended that estimates be reported as oxygen 

concentrations (mg«L_1) and not saturation percentage or 

oxygen tension to prevent erroneous interpretations. Kramer 

(1987) further suggested that oxygen tolerance estimates 

have greater meaning when interpreted in terms of the 

fishes' response. Although Kramer's (1987) decision to 

relate oxygen tolerance to the physiological ecology of fish 
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is sound and defensible (Fry 1947; Fry 1971), his assertion 

that oxygen concentration represents the amount of water 

that must be ventilated by a fish to obtain a given amount 

of oxygen, is incorrect. Oxygen concentration measures the 

amount of oxygen contained in a given volume of water, e.g., 

mg'lT1. The volume of water that must be ventilated to 

expose respiratory surfaces to a given amount of oxygen is 

the reciprocal of the oxygen concentration, e.g., L^mg"1. 

Although the difference between these definitions seems 

minor, the affect it can have on the estimation and 

interpretation of low oxygen tolerance by fishes is 

dramatic. 

Traditionally, minimum oxygen tolerance values have 

been reported as the oxygen content (usually mg^L"1) at 

which a specified endpoint (e.g., death or loss of 

equilibrium) was reached. Absolute differences between 

oxygen concentrations are not, however, linearly related to 

changes in the magnitude of the physiological response of 

fishes. As oxygen tensions decrease by compensatory 

responses must be increased by a factor of two, to maintain 

the same metabolic activity level. Thus comparisons between 

traditional measures of low oxygen tolerance have little 

physiological value. Furthermore, the response is 

independent of absolute oxygen concentration, e.g., 

decreasing oxygen content from 6 to 3 mg^L"1 has the same 

physiological affect as lowering the content from 0.6 to 0.3 



17 

mg«L"'. Therefore, comparing absolute difference between 

oxygen tolerance values expressed as mg^L"1 has the 

potential to exaggerate differences where none exist and 

mask meaningful relationships between values that are 

physiologically important. 

It would follow, then, that a meaningful linear 

relationship between minimum oxygen tolerance and the 

physiological response of fish would be achieved by 

reciprocal transformation of oxygen content data. Defining 

tolerance to low oxygen as the reciprocal of the oxygen 

content (L«mg~l) at which a specified endpoint was reached 

is a new approach that it is not only defensible but has 

several advantages. 

The magnitude of reciprocal transformed data is 

directly proportional to a fish's ability to tolerate low 

oxygen levels, with larger values indicating greater 

tolerance of low oxygen. Differences between transformed 

oxygen tolerance estimates will be maximized at high 

tolerance values, where respiratory responses are greatest, 

and minimized at low tolerance levels where respiratory 

responses are smallest. More importantly, transformed 

values quantify survival in energetic terms, by defining the 

point where compensatory responses are maximized. At this 

level, fishes reach the limits of their compensatory 

reserve; if oxygen content is reduced further, the fish will 

die. 
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I compare the ability of both reciprocally transformed 

and untransformed estimates of minimum oxygen tolerance to 

resolve oxygen related ecological patterns in ten native, 

Texas fishes from three geographically distinct locations 

and a variety of oxygen habitats. In addition, the 

capability of transformed data to minimize intraspecific 

variation is assessed for two of the fish species, by 

evaluating the influence of ontogeny and acclimation 

temperature on reciprocal oxygen tolerance measurements. 

Methods 

Capture and maintenance of fishes 

Low oxygen tolerance was estimated for ten common Texas 

fishes from four families (see Table 1). The centrarchids 

(bluegill and longear sunfish), three of the cyprinids (red 

shiner, blacktail shiner and bullhead minnow), and one of 

the poeciliids (western mosquitofish) used in the 

experiments were collected with a 10-m bag seine between 9 

June and 25 August, 1992, from Spring Creek, 20 Km west of 

Interstate 35, Cook County, Texas. Fathead minnows were 

obtained from a culture maintained at the University of 

North Texas. The remaining poeciliids (amazon molly and 

sailfin molly) and the freshwater cyprinodontid (sheepshead 

minnow) were collected 12 June, 1993, with a 10—m bag seine 

from Lake Edinburg, an artificial fresh water impoundment 3 

Km north of The University of Texas-Pan American, in 
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Table 1.— Capture s i t e , mean s t a n d a r d l e n g t h s and weights of 
t en Texas f i s h e s used in low oxygen t o l e r a n c e t r i a l s . 

Species 
(common name) 

Collection 
Habitat and 
Location 

Standard 
Length 

(cm) 
Weight 

(g) 

n Mean SD Mean SD 

CYPRINIDAE 

Cyprinella lutrensis 
(red shiner) 

Freshwater 
Denton Co. 

20 4.5 0.84 2.28 1.045 

Cyprinella venusta 
(blacktail shiner) 

Freshwater 
Denton Co. 

20 4.2 0.79 1.61 0.982 

Pimephales promelas 
(fathead minnow) 

Freshwater 
Culture 

20 4.4 0.45 2.06 0.552 

Pimephales viailax 
(bullhead minnow) 

Freshwater 
Denton Co. 

20 4.0 0.87 1.35 0.925 

CYPRINODONTIDAE 

Cyprinodon varieqatus 
(freshwater 
sheepshead minnow) 

Freshwater 
Hildalgo Co. 

20 3.4 0.65 2.53 1.092 

Cyprinodon varieqatus 
(saltwater sheepshead 
minnow) 

Saltwater 
Cameron Co. 

30 2.8 0.53 1.16 0.616 

POECILIIDAE 

Gambusia affinis 
(western mosquitofish) 

Freshwater 
Denton Co. 

20 3.1 0.42 0.79 0.336 

Pocilia formosa 
(amazon molly) 

Freshwater 
Hildalgo Co. 

15 4.3 0.51 2.27 0.862 

Pocilia latipinna 
(sailfin molly) 

Freshwater 
Hildalgo Co. 

15 3.8 0.47 1.68 0.727 

CENTRARCHIDAE 

Lepomis meqalotis 
(juvenile longear 
sunfish) 

Freshwater 
Denton Co. 

40 2.6 0.27 0.62 0.153 

Lepomis meqalotis 
(adult longear sunfish) 

Freshwater 
Denton Co. 

20 8.0 1.30 21.41 9.671 

Lepomis macrochirus 
(bluegill) 

Freshwater 
Denton Co. 

20 2.4 0.19 0.44 0.102 
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Hildalgo county. A second group of sheepshead minnows were 

collected from a shallow saltwater tide pool 1.3 Km north of 

the Brazos-Santiago Pass, South Padre Island in Cameron 

county Texas. Distribution of the sheepshead minnow among 

euryhaline habitats, allowed minimum oxygen tolerance 

comparisons between natural fish populations from disparate 

environments. 

Fishes were held at the University of North Texas for 

at least 10 d in 160-L glass aquaria under a 12:12 L:D 

photoperiod at 21.0 ± 0.5°C prior to experimentation. 

Oxygen concentrations were kept at or near saturation by 

vigorous aeration of all holding tanks. Fishes were 

maintained in dechlorinated Denton tap water during the 

holding period and minimum oxygen tolerance trials, except 

for sheepshead minnows from the saltwater population which 

were maintained in synthetic sea water with a salinity of 

35%o* All fish were fed TetraMin flake food or frozen 

brine shrimp (Artemia sp.) ad libitum once daily but were 

not fed 24 h prior to or during the experiments. Uneaten 

food and waste products were removed from the acclimation 

tanks daily during holding. 

Estimation of oxygen tolerance 

Minimal oxygen tolerance estimates of fishes were 

determined using a sealed nitrogen displacement technique 

(Chapter II). The method combines the sealed jar hypoxia 
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challenge test (Carter 1962) with the nitrogen cascade 

method (e.g., Klinger et al. 1982). For each trial, fish 

were placed in a 21—L glass test chamber containing fresh 

water with a mean dissolved oxygen of 7.5 ± 0.32 mg«L_1. 

Fish were separated in the chamber by plastic screening; a 

maximum of ten fish could be tested during each trial. A 

1-cm thick acrylic lid was fitted to the chamber and sealed 

with stopcock grease to prevent the influx of atmospheric 

gases. Oxygen was removed from the chamber by a cascade of 

nitrogen bubbles created by forcing nitrogen at a flow rate 

of 0.30 L^min"1 through a porous polyethylene tube on the 

chamber bottom. Excess gas escaped through a one-way 

diaphragm valve mounted in the lid. 

Oxygen concentration in the test chamber was monitored 

continuously during each experiment by a Yellow Springs 

Instrument Company Model 53 oxygen analyzer. The oxygen 

probe was calibrated at the beginning of each trial and 

calibrations confirmed by Winkler titration. Magnetic stir 

bars continuously mixed the test chamber water and provided 

flow across the oxygen probe. 

Oxygen depletion rates vary with experimental design 

and no single rate of oxygen removal is widely accepted. An 

ideal deoxygenation rate would be slow enough not to overrun 

the actual tolerance level but rapid enough to prevent 

changes in water quality or partial acclimation of fishes. 

Minimal oxygen tolerance of some fishes are insensitive to a 
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wide range of oxygen depletion rates (Dorfman and Westman 

1970; Burton et al. 1980), whereas others show significant 

acclimation responses in as little as 3 hours (Swift 1981). 

During my experiments, chamber oxygen content was reduced by 

approximately \ every 20 min with an average trial lasting 

about 2 h. This removal rate has been used by other 

investigators (e.g., Moss and Scott 1961; Lowe et al. 1967; 

Gee et al. 1978) and presumably satisfies the criteria 

outlined here. 

Loss of equilibrium was the selected end point during 

minimum oxygen tolerance trials and was assumed to represent 

ecological death - a physiological state — where fishes in 

nature can no longer escape conditions that would ultimately 

lead to physiological death. 

All minimal oxygen tolerance estimates were determined 

from groups of not less than 15 normoxic acclimated fish. 

Trials were stopped when the last fish of the group lost 

equilibrium; fish were then removed from the test chamber, 

and standard length was measured to the nearest 0.1 cm. One 

and 30 d old fathead minnows used in the ontogeny 

experiments were weighed to the nearest 0.0001 and 0.001 g, 

respectively. All other fishes were weighed to the nearest 

0.05 g. 
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Size and low oxygen tolerance experiments 

Ontogeny—related changes in low oxygen tolerance were 

determined for fathead minnows and longear sunfish. Low 

oxygen tolerance of fathead minnows was estimated from 

groups of 20 cultured fish with ages of 1, 30, 60 or 90 d 

old. In longear sunfish, estimates of low oxygen tolerance 

were determined using 60 fish with standard lengths between 

2.3 and 10.1 cm. Data were analyzed to determine responses 

of oxygen tolerance to development as it relates to length, 

weight and age. Analyses were preformed on transformed and 

untransformed tolerance data and the results compared to 

determine the ability of reciprocal transformation to 

increase estimate precision. 

Temperature and low oxygen tolerance experiments 

Three groups of 20 fathead minnows were used to 

estimate temperature related changes in low oxygen 

tolerance. Acclimation temperatures were increased or 

decreased l'C'd1 in two of the groups until water 

temperatures reached 32 and 12°C, respectively. The third 

tank was maintained at ambient temperature of 21.0 ± 0.5°C. 

After acclimation temperatures were reached, fish were held 

for an additional 30 d prior to determining oxygen 

tolerance. All other acclimation conditions were the same 

as those noted above. Fathead minnows in all groups were 

170 + 2 d old when oxygen tolerance was determined. 
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Statistical analyses 

Oxygen minimum data were not normally distributed in 

all experiments (Wilks normality test, P < 0.05), however, 

concurrent parametric and nonparametric statistical analysis 

returned similar probabilities and differences between mean 

and median oxygen tolerance values (< 0.1 mg«L~l) and were 

not considered to be biologically important. Therefore, 

parametric one-way analysis of variance (ANOVA) was used to 

test for significant differences in reciprocally transformed 

and untransformed minimum oxygen tolerance among species or 

treatment groups. A Student-Newman-Keuls multiple range 

test (SNK MRT) was used to separate groups into 

statistically similar subsets. All statistical decisions 

were based on an a = 0.05. 

The relationship between ontogeny and minimum oxygen 

tolerance of fathead minnows was determined from multiple 

regression of transformed (L^mg"1) and untransformed (mg^L"1) 

minimum oxygen tolerance on Log10 standard length (cm), 

weight (g) and age (d). The multiple regression for longear 

sunfish used only LogX0 standard length (cm), weight (g) 

because age of longear sunfish captured in the field could 

not be determined with certainty. 
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Results 

Transformed and untransformed oxygen tolerance data 

Mean loss of equilibrium (LOE) oxygen concentrations 

(mg'L1) among the ten species tested were highly 

significantly different (ANOVA: F = 269.0; df = 11, 228; P < 

0.0001), with mean tolerance values ranging from 1.94 mg'L"1 

for bullhead minnows to 0.22 mg'L"1 for the saltwater 

population of sheepshead minnows (Table 2). An SNK MRT 

reveled the following statistically significant 

relationships among mean LOE oxygen levels for fishes in 

these experiments: bullhead minnows > bluegill = red shiners 

> adult longear sunfish = western mosquitofish > freshwater 

sheepshead minnows > fathead minnows > blacktail shiners > 

juvenile longear sunfish = amazon mollies = sailfin mollies 

= saltwater sheepshead minnows. 

Mean estimates of reciprocally transformed oxygen 

tolerance data were also highly significantly different 

among the fishes tested (ANOVA: F = 36.2; df = 11, 228; P < 

0.0001). An SNK MRT on transformed data reveled three 

statistically distinct groups. Fishes having the lowest 

relative oxygen tolerance included the bullhead minnow, 

bluegill, red shiner, adult longear sunfish, western 

mosquitofish, freshwater population of sheepshead minnow, 

fathead minnow and blacktail shiner. Mean low oxygen 

tolerance of these fishes ranged from 0.52 to 1.26 L^mg"1. 

Intermediate minimum oxygen tolerance between 2.82 and 3.85 
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Table 2.— Untransformed (mg«L-1) and r e c i p r o c a l l y 
t r ans formed (L^mg"1) low oxygen t o l e r a n c e da t a f o r t en Texas 
f i s h e s . 

Species 
(common name) 

U ntransfor med 
Oxygen Tolerance Transformed Oxygen 

(mg*L-1) Tolerance (L-mg-1) 

Mean SD Mean SD 

Cvprinella lutrensis 
(red shiner) 

Cyprinella venusta 
(blacktail shiner) 

Pimephales promelas 
(fathead minnow) 

Pimephales viqilax 
(bullhead minnow) 

CYPRINIDAE 

1.74 0.21 

0.82 

1.05 

1.94 

0.16 

0.12 

0.21 

CYPRINODONTIDAE 

1.25 0.18 Cyprinodon variegatus 
(FW sheepshead minnow) 

Cyprinodon variegatus 0.22 0.11 
(SW sheepshead minnow) 

POECILIIDAE 

Gambusia affinis 1.39 0.19 
(western mosguitofish) 

Pocilla formosa 0.30 0.12 
(amazon molly) 

PocUia latipinna 0.29 0.10 
(sailfin molly) 

Lepomis megalotis 
(longear sunfish 
juvenile) 

CENTRARCHIDAE 

0.37 0.08 

0.58 

1.26 

0.96 

0.52 

0.82 

5.63 

0.73 

3.85 

3.73 

2.82 

0.067 

0.218 

0.110 

0.059 

0.106 

3.583 

0.099 

1.490 

1.056 

0.559 

Lepomis megalotis 
(longear sunfish adult) 

1.50 0.607 0.75 0.218 

Lepomis macrochirus 
(bluegill) 

1.80 0.32 0.57 0.089 
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L^mg"1 were observed in juvenile longear sunfish, sailfin 

mollies and amazon mollies. Low oxygen tolerance of the 

saltwater population of sheepshead minnows was 5.65 L^mg"1, 

significantly higher than all other fishes tested. Relative 

relationships of transformed and untransformed mean low 

oxygen tolerance for all species are displayed graphically 

in Figure 2 with species arranged in ascending order of 

oxygen tolerance. 

Low oxygen tolerance and size 

Reciprocal low oxygen tolerance values (Mean ± SD) of 

0.57 ± 0.043, 0.60 ± 0.111, 0.69 ± 0.092 and 0.96 ± 0.110 

L'mg'1 were estimated from groups of 20 fathead minnows with 

ages of 1, 30, 60 and 90 d old, respectively. Corresponding 

untransformed values for the respective groups were 1.75 ± 

0.218, 1.75 ± 0.410, 1.48 ± 0.204 and 1.05 ± 0.119 mg.L"1. 

Mean estimates of reciprocally transformed minimum oxygen 

tolerance showed significant differences (ANOVA: F = 73.5; 

df = 3, 76; P < 0.0001) among age groups. The transformed 

minimum oxygen tolerance 21.0°C group of 170 d old fathead 

minnows was 3.67 L«mg_1. Although this value was 

significantly greater than fathead minnows from other age 

groups (SNK MRT, a = 0.05), fishes used in the temperature 

experiments were acclimated at higher densities and had 

lower growth rates than the ontogeny groups. Consequently; 

reciprocal oxygen tolerance data from the temperature 
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experimental groups are not included in the analysis of age 

related changes. 

Multiple regression analysis of transformed and 

untransformed low oxygen tolerance data for fathead minnows 

and longear sunfish determined highly significant, one 

variable models. Regression coefficients, ANOVA 

probabilities and models of reciprocal oxygen tolerance on 

weight from transformed and untransformed data for both 

species are given in Table 3. 

Table 3.— Regression models,coefficients (R2) and 
ANOVAprobabilities (P) of reciprocally transformed (L^mg"1) 
and untransformed (mg« L"1) low oxygen tolerance on weight 
(g) for longear sunfish and fathead minnows. 

Acclimation 
(°C) 

High Temperature Low Temperature 
Acclimation 

(°C) Slope Intercept Slope Intercept 

5 0.2187 7.9511 * * 

10 -0.1445 5.7610 0.0333 1.5183 

15 -0.1258 5.2399 0.0726 0.9892 

20 -0.3637 14.7125 0.1871 0.4878 

25 -0.2629 11.0275 0.1960 0.3046 

30 -0.2357 10.8445 0.1437 0.1493 

35 -0.1159 6.0988 0.0540 0.1469 

40 * * 0.0974 -0.4417 

* Signifies groups containing only one plunge 
temperature 

The regression model of transformed oxygen tolerance 

(L-mg"1) on weight (g) for fathead minnows was highly 

significant (ANOVA: F =153.2; df = 1, 78; P < 0.0001; R2 = 

0.663; Table 3). Addition of the variables, logi0 standard 
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length and/or age to the model improved the prediction 

ability by only 9% (R2 = 0.716). I concluded that the 

limited improvement in the model did not justify the 

increased complexity and accepted the one-variable 

regression as the best model. Regression of untransformed 

low oxygen tolerance (mg*L_1) on weight (g) was also 

significant (ANOVA: F = 91.2; df = 1, 78; P < 0.0001; R2 = 

0.539), however, the model was inversely related to weight 

and had a regression coefficient 19% lower than the 

transformed regression model. 

Transformed and untransformed low oxygen tolerance for 

longear sunfish used in the ontogeny studies ranged from 

0.30 to 5.00 L-mg"1 and 0.20 to 3.30 mg^L"1, respectively. 

Multiple regression analysis of tolerance data produced 

results similar to the findings in fathead minnows. 

Regression models of transformed (L^mg"1) and untransformed 

(mg^L1) low oxygen tolerance on weight (g) were both highly 

significant and showed limited improvement with the addition 

of the variable Log10 standard length. The one-variable 

regression model using transformed tolerance values 

explained more variability than the untransformed model 

(Table 3). In contrast to fathead minnows, longear sunfish 

demonstrate a highly significant inverse relationship 

(ANOVA: F = 80.1; df = 1, 58; P < 0.0001; R2 = 0.501), 

between reciprocal low oxygen tolerance and weight. On the 
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average, transformed low oxygen tolerance of these fish fell 

by 0.079 L-mg"1 for every 1 g increase in weight. 

The abrupt decrease in oxygen tolerance seen in longear 

sunfish reflects the bimodal distribution of weights. No 

significant relationship between low oxygen tolerance and 

weight was found in fish weighing 8.1 to 38.7 g (ANOVA: F = 

0.3; df = 1, 18; P = 0.609) or in fish weighing from 0.4 to 

2.6 g (ANOVA: F = 0.1; df = 1, 38; P = 0.800); however, both 

groups were significantly different from one another 

(Independent t-Test: a = 0.05), suggesting that the downward 

shift in oxygen tolerance occurred between 2 to 8 g. 

Unfortunately, longear sunfish weighing between 2.6 and 8.1 

g were not collected, and incremental changes in oxygen 

tolerance could not be quantified. 

Oxygen tolerance at different acclimation temperatures 

Reciprocal minimum oxygen tolerance values for groups 

of 20 fathead minnows acclimated to 12.0, 21.0 or 32.0'C for 

30 d were 2.98, 3.67 and 1.87 L«mg"1, respectively. Mean 

oxygen tolerance estimates were significantly different 

among treatment groups (ANOVA: F = 9.4; df = 2, 57; P < 

0.0003). An SNK MRT separated temperature acclimation 

groups into the following statistically distinct subsets; 

12.0°C = 21.0°C > 32.0°C. 

Mean weights and standard lengths for fathead minnows 

used in the temperature experiments (Table 4) were smaller 
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than those normally seen in c u l t u r e d f i s h (Table 1) . This 

f i n d i n g was probably t h e r e s u l t of d i f f e r e n c e s in 

a c c l i m a t i o n c o n d i t i o n s . Although I cannot d i scoun t t h e 

p o s s i b i l i t y t h a t a c c l i m a t i o n d i f f e r e n c e s may have a l t e r e d 

oxygen t o l e r a n c e in t h e s e f i s h , I do not b e l i e v e t h a t t h e 

gene ra l r e l a t i o n s h i p between t o l e r a n c e and t empera tu re was 

compromised. 

Table 4 . - Age, a c c l i m a t i o n t empera tu res (°C), mean weight 
(g) and s t andard l eng th (cm) of f a t h e a d minnows used f o r 
ontogeny and t empera tu re exper iments . 

Weight Standard Length 
(g) (cm) 

Age Temperature 
(°C) n Mean SD Mean SD 

ONTOGENY EXPERIMENTS 

1 22.0 20 0.00056 0.000210 0.55 0.100 

30 22.0 20 0.054 0.0342 1.58 0.273 

60 22.0 20 0.78 0.232 3.31 0.351 

90 22.0 20 2.06 0.552 4.41 0.453 

TEMPERATURE EXPERIMENTS 

170 12.0 20 0.83 0.250 3.15 0.355 

170 22.0 20 0.63 0.215 3.20 0.347 

170 32.0 20 0.58 0.163 3.15 0.263 
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Discussion 

Comparison of transformed and untransformed oxygen tolerance 

Reciprocal transformation of oxygen tolerance values 

provide an estimate of metabolic response expressed as the 

average volume of water that must be moved across the gills 

to satisfy minimum oxygen requirements, standardized to 1 mg 

of oxygen. Stated another way, reciprocally transformed 

oxygen data measure the average maximum volume of water 

containing 1 mg of oxygen that can be moved across the gills 

by a fish and still satisfy minimum metabolic needs. For 

example, sheepshead minnow can survive low oxygen 

concentrations that demand ventilating 5.65 L of water to 

expose respiratory surfaces to 1 mg of oxygen, whereas 

bullhead minnows fail to meet metabolic oxygen demand when 

more than 0.52 L of water must be ventilated. 

Expressed as L^mg"1, oxygen tolerance implies that 

ventilatory responses are the limiting compensatory factor. 

While increased ventilatory rate or amplitude is a common 

response in normoxic fishes exposed to acute hypoxia (e.g., 

Randall and Smith 1967; Spitzer et al. 1969; Gerald and Cech 

1970; Kerstens et al. 1979; Holeton 1980; Dickson and Graham 

1986), fishes use a variety of other mechanisms to survive 

acute hypoxia including, decreasing blood flow by limiting 

heart rate or stroke volume (Randall and Smith 1967; Spitzer 

et al. 1969; Johansen 1971), reducing metabolic rates (e.g., 

Randall and Smith 1967; Gerald and Cech, 1970; Kerstens et 
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al. 1973; Dickson and Graham, 1986), pH mediated changes in 

oxygen affinity (Nikinmaa and Weber 1984) and, in some 

cases, anaerobiosis (Blazka 1958). It is reasonable to 

assume that most fishes use one or more of these mechanisms 

and that the sum of these compensatory responses, in turn, 

determine a species resistance to low oxygen. Thus, 

reciprocal oxygen tolerance reflects the level of tolerance 

achieved independent of the compensation mechanisms used. 

It should be further noted, that the methods used to 

determine low oxygen tolerance measured only physiological 

tolerance, and did not account for behavioral or long-term 

physiological/biochemical acclimation. For example, many 

fishes can survive hypoxic conditions using aquatic surface 

respiration (ASR) to exploit oxygen rich surface waters 

(Lewis 1970; Kramer and McClure 1982; Kramer 1987). Indeed, 

all fishes in this study, except sheepshead minnows, moved 

to the surface as oxygen content decreased. The advantages 

of ASR were negated, however, by the nitrogen atmosphere 

above the water during experiments. These fishes were not 

denied ASR but did not benefit from using it. 

In addition, it has been demonstrated that fishes 

respond to hypoxic conditions by increasing hemoglobin 

levels (e.g., Brett and Blackburn 1981; Petersen and 

Petersen 1990; Peterson 1990). The short duration of these 

trials (about 2 h in most cases) did not allow adequate time 

for any physiological/biochemical responses, such as 
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increased hemoglobin production (Swift 1981), so that the 

effects from long—term exposure to low oxygen environments 

are not apparent in the results. It is probable, therefore, 

that overall ability of some of these fishes to survive in 

oxygen deficient water could be extensively modified in 

natural environments where behavioral and long-term 

biochemical adjustments take place. 

The lack of predictable trends in untransformed oxygen 

tolerance relative to phylogeny or habitat noted by others 

(Prosser and Brown 1961; Doudoroff and Shumway 1970; van 

Winkle and Mangum 1975) are persistent in the untransformed 

data. Statistical differences among untransformed means 

separated fishes in these experiments into seven groups, but 

no obvious phylogenetic or habitat patterns emerged that 

might explain the distribution of mean LOE oxygen 

concentration among groups. For example, significant 

differences in LOE oxygen concentration were evident among 

species from three of the families tested. Likewise, it is 

difficult to explain why western mosquitofish, which uses 

ASR to exploit the oxygen rich water air interface, should 

show significantly greater tolerance to low oxygen than the 

demersal bullhead minnow. 

The most obvious explanation for the observed 

differences in the untransformed data among fishes seems to 

be that minimum oxygen tolerance is a random attribute. 

This conclusion seems highly unlikely considering the role 
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of oxygen as a major limiting factor in aquatic 

environments. Indeed, it is more likely that oxygen is a 

strong selective force among fishes. I believe that the 

lack of predictable groupings of oxygen tolerance, result 

from interpretation of data that do not represent 

physiological responses of fishes to low oxygen 

concentrations. 

When physiological relationships were restored by 

reciprocal transformation, the overall 10-fold increase in 

low oxygen tolerance between bullhead minnows and saltwater 

sheepshead minnows was unchanged, while relationships among 

fishes changed markedly as the number of statistically 

distinct groups was reduced from 7 to 3. For example, 

untransformed tolerance varied by 1.12 mg^L"1 between 

bullhead minnows and blacktail shiners. These values were 

significantly different and could be interpreted as 

biologically important. Conversely, the difference of 0.15 

mg«L"1 observed between juvenile longear sunfish and 

sheepshead minnows from saltwater tide pools is neither 

significant nor does it appear to be biologically important. 

Yet, differences in the compensatory level where ventilatory 

efforts fail to meet metabolic needs, (i.e., the difference 

in maximum water volume ventilated to expose gills to 1 mg 

of oxygen), between blacktail shiners and bullhead minnows 

was only 0.74 L, whereas, the differences between juvenile 

longear sunfish and saltwater sheepshead minnows was 2.83 L 
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of water. Clearly, the magnitude of the physiological 

response is obscured by absolute differences among 

untransformed estimates of oxygen tolerance and can 

ultimately translate into erroneous conclusions. 

The ability of reciprocal transformation to increase 

precision of low oxygen tolerance is seen in a comparison of 

age-related changes in low oxygen tolerance of fathead 

minnows. A regression of transformed oxygen tolerance on 

weight for fathead minnows had a regression coefficient of 

0.663, i.e., 66.3% of the observed variation in transformed 

oxygen tolerance could be explained by weight. In contrast 

the same regression explained only 53.9% of the variability 

when tolerance was expressed as LOE oxygen content (mg*L~l). 

Thus, reciprocal transformation reduced unexplained 

variability in these data by 23%. Regression coefficients 

were also increased by reciprocally transforming LOE oxygen 

content in longear sunfish, although the result was not as 

striking (Table 3) probably because I did not have data on 

these fish during critical stages when oxygen tolerance was 

changing. 

Transformed oxygen tolerance of ten Texas fishes 

Low oxygen tolerance has been previously determined for 

only a few of the fishes studied here, and differences in 

methods and end points must be considered when making 

comparisons. In addition, reciprocally transforming results 
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of other experiments and comparing them to the reciprocal 

low oxygen tolerance values observed in this study have no 

meaning, because neither means nor measures of variation can 

be transformed directly. Nonetheless, some comparisons 

between our untransformed data and that of other 

investigators may be useful in validating the experimental 

methods used here. 

No tolerance data exist for sheepshead minnows, 

however, Peterson (1990) reported no mortality for fish 

exposed to oxygen concentrations of 2.5 mg^L"1 for 24 h. In 

addition, Lowe et al. (1967), found that the closely related 

pupfish Cvprinodon macularius had an LD50 for oxygen of 0.15 

mg'L"1. Both of these findings are consistent with my 

estimate of 0.22 mg^L"1 for sheepshead minnows. 

Responses of fathead minnows to low oxygen are somewhat 

contradictory. Gee et al. (1978), found fathead minnows 

begin to use ASR at ~1.0 mg^L*1, whereas, other 

investigators have reported that fatheads exposed to 

declining oxygen levels succumb at concentrations between 

2.0 and 1.0 mg.L1 (Black et al. 1954; also see Doudoroff 

and Shumway 1970). The mean LOE oxygen concentration of 

1.05 mg'L"1 determined for fathead minnows in these 

experiments, was higher than might be predicted from 

observations by Gee et al. (1978), but similar to estimates 

by Black et al. (1954) and Doudoroff and Shumway (1970). 
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Mean LOE oxygen concentration for bluegill and western 

mosquitofish of 1.80 and 1.39 mg-L"1, respectively, show 

good agreement with estimates from other experiments. 

Marvin and Heath (1968) reported that bluegills exposed to 

gradual hypoxia died at 1.5 to 1.0 mg-L"1 and Doudoroff and 

Shumway (1970) reported low oxygen tolerance of western 

mosquitofish at 1.0 mg*L~l. The ecological domain of 

reciprocally transformed low oxygen tolerance among fishes 

is probably continuous between about 0.25 L^mg"1 for fishes 

sensitive to low oxygen, e.g., salmonids (Doudoroff and 

Shumway 1970), and 10.0 L«mg_1, a value approached but not 

achieved by sheepshead minnows in these experiments. 

Because of the increased metabolic demand associated with 

increasing ventilatory or cardiac responses (Fry 1971; 

Kramer 1987), fishes with low oxygen tolerance values above 

10.0 L^mg"1 may rely almost exclusively on anaerobic 

pathways for survival. These fishes could be said to have 

an infinite mean oxygen tolerance i.e., survival becomes 

independent of oxygen concentration. 

All fishes in my experiments were relatively resistant 

of hypoxic conditions, demonstrating transformed low oxygen 

tolerance estimates between 0.52 to 5.65 L*mg"1. 

Statistically, these fishes comprised three distinct 

tolerance groups (Figure 2). North Texas stream fishes, 

with the exception of juvenile longear sunfish, had 

transformed oxygen tolerance values between 0.52 and 1.26 
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L'mg"1. Sheepshead minnows (0.82 L^mg"1) taken from Lake 

Edinburg and cultured fathead minnows (0.57 to 0.96 L^mg"1) 

were also included in this group. In summer, these fishes 

sometimes become trapped in intermittent pools where adverse 

conditions may result in catastrophic fish kills (Tramer 

1977; Mundahl 1990). High temperature (Tramer 1977; Mundahl 

1990), and low oxygen concentration (Tramer 1977; Petersen 

and Petersen 1990) are the major abiotic factors regulating 

fish mortality in isolated pools and are probably the main 

natural selective forces favoring moderately high oxygen 

tolerance observed in these fishes. 

Amazon mollies, sailfin mollies and juvenile longear 

sunfish (standard length < 2.6 cm) make up the second 

statistically distinct group with low oxygen tolerance 

values ranging from 2.82 to 3.85 L^mg"1 (Figure 2). The 

observed similarities in oxygen tolerance between amazon 

(3.84 L'mg"1) and sailfin (3.73 L^mg"1) mollies were not 

surprising. Not only do these fishes occupy the same 

habitats and thus, are exposed to similar selective oxygen 

pressures, but the gynogenic amazon molly is a hybrid 

derived from a Poecilia latipinna by P. mexicana spawning 

(Abramoff et al. 1968) and so shares half the genetic 

compliment of the sailfin molly. 

These poeciliids are common in freshwater habitats in 

south Texas, frequently entering more extreme saltwater 

environments occupied by the sheepshead minnow (Hoese and 
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Moore 1977; Peterson 1990). Oxygen tolerance, intermediate 

between the moderately tolerant freshwater fishes and 

extremely tolerant saltwater sheepshead minnow, seems to be 

a compromise appropriate to their habitat range. Long-term 

physiological/biochemical adaptations (Peterson 1990) and 

ASR ability coupled with high oxygen tolerance may allow 

both molly species to survive lower oxygen concentrations in 

nature than predicted by my experiments. 

Of the Denton County, Spring Creek fishes tested, 

juvenile longear sunfish were the most tolerant of low 

oxygen in laboratory trials (2.82 L^mg"1; Figure 2). These 

results were consistent with field observations of this 

species. During the summer of 1991, small longear sunfish 

congregated in areas of Spring Creek where oxygen tensions 

fell below 1.0 mg«L"1 although normoxic habitats were 

available. On several occasions longear sunfish were the 

dominant species present in these habitats (personal 

observation). These observations contradict Lewis (1970) 

who considered Lepomis morphologically ill-adapted for 

exploiting hypoxic environments for any length of time. 

Lowe et al. (1967) and Klinger et al. (1982), however, have 

shown that small fishes can exploit hypoxic habitats for 

extended periods without obvious morphological adaptations 

due to their inherently low relative oxygen consumption 

rates and reduced activity. These same adaptations, 

combined with a high oxygen tolerance may allow juvenile 
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longear sunfish to exploit oxygen deficient waters as a 

chemical refuge against predators during this vulnerable 

life history stage. 

The saltwater population of sheepshead minnows showed 

the greatest tolerance to low oxygen (5.65 L^mg"1) of any 

species tested (Figure 2). High oxygen tolerance has been 

documented for other cyprinodontids (Lowe et al. 1967) and 

is probably essential to their survival in extreme habitats. 

Sheepshead minnows are common in shallow south Texas tide 

pools where high temperatures and salinity reduce dissolved 

oxygen to levels lethal to most fishes. Often conditions 

become so abiotically extreme that sheepshead minnows are 

the only fishes found living in these pools (Hoese and Moore 

1977). Interestingly, sheepshead minnows did not utilize 

ASR during any low oxygen trials. This finding was also 

documented by Peterson (1990). Apparently, sheepshead 

minnows rely exclusively on high oxygen tolerance to survive 

hypoxic conditions in their natural environment, and by 

doing so, probably minimize predation by herons and egrets 

that also frequent these shallow habitats (see Kramer 1983). 

An unexpected finding was that sheepshead minnows from 

Lake Edinburg were significantly less tolerant of low oxygen 

than sheepshead minnows from saltwater. High variability 

among sheepshead minnows has been observed in response to 

salinity by Martin (1968), who showed that salinity 

tolerance was significantly greater in minnows from tide 
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pools in Aransas Pass, Texas, than from other nearby inland 

locations. Martin (1968), suggested that the differences 

were related to the more extreme habitat conditions 

experienced by tidepool fishes. Perhaps intraspecific 

variation of oxygen tolerance in sheepshead minnows is 

likewise controlled by habitat differences but it is 

difficult to separate environmental from genetic effects 

(Doudoroff and Shumway 1970). 

In general, transformed oxygen tolerance data provided 

a better indicator of a fishes response to low oxygen, have 

greater precision between and among species, have a higher 

correlation to habitat type and are more easily interpreted 

than traditional oxygen tolerance values. I do not suggest 

that oxygen tolerance data expressed in the traditional 

manner have no value, rather, that ecological implications 

are better understood when oxygen tolerance is expressed and 

analyzed in a format that reflect the response and activity 

of the fishes. 

Size—related changes in oxygen tolerance 

Relationships between size (length and/or weight) and 

low oxygen tolerance are not well understood. Apparently 

oxygen tolerance is not fixed but changes as fish grow. 

Most laboratory experiments have found large fish to be more 

tolerant of hypoxia than small fish (Moore 1942; Doudoroff 

and Shumway 1970), although Lowe et al. (1967), found 
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smaller fishes the most tolerant in their experiments. In 

nature, observations of fish kills following hypoxic events 

often suggest that juvenile fishes are more resistant than 

adults (Personal observation, G. E. Hutchinson cited by 

Moore 1942; Lowe et al. 1967; Tramer 1977). 

In my experiments, minimum oxygen tolerance of fathead 

minnows was lowest in 1—d—old fish but increased with age to 

its highest level in 90—d-old fish (Figure 3). A regression 

of oxygen tolerance on weight showed that low oxygen 

tolerance of fathead minnows increased by 0.166 L*mg_1 per g 

of weight. Relationships between oxygen dynamics and life 

history of fathead minnow are lacking, thus, the importance 

of changing tolerance levels as a survival tactic of this 

species in nature is unknown. Perhaps fathead minnows are 

more likely to encounter less than optimal oxygen habitats 

as adults, in which case higher tolerance would be an 

effective survival mechanism. 

Unlike fathead minnows, longear sunfish showed 

significant decreases in low oxygen tolerance with 

increasing weight (Figure 4). Oxygen tolerance in these 

fish decreased 0.079 L»mg_1 for every 1 g increase in 

weight. By having the greater tolerance to low oxygen, 

juvenile longear sunfish can exploit oxygen deficient 

habitats and avoid intraspecific as well as interspecific 

predation. The contrasting responses of oxygen tolerance 

with weight between longear sunfish and fathead minnows 
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probably reflect species specific differences in the life 

history strategies of these fishes and demonstrate that 

ontongenological changes in oxygen tolerance are not the 

same for all fishes. 

Effects of temperature on oxygen tolerance 

Fathead minnows acclimated to 12.0 and 21.0°C showed no 

significant differences in mean low oxygen tolerance, 

whereas, fish acclimated to 32.06C were significantly less 

tolerant of low oxygen than either of the other temperature 

groups. These data are consistent with findings of other 

investigators who have reported reduced oxygen tolerance at 

high temperatures (Graham 1949; Lozinov 1952; Davison et al. 

1959; Spoor 1977). 

The relationship between temperature and oxygen 

tolerance appears to be consistent regardless of 

experimental method or holding time at higher temperatures, 

and is most evident when temperatures begin to approach the 

upper limit of thermal tolerance of the fish. The 

mechanisms involved are not entirely understood. It may be 

that decreased oxygen tolerance is not a direct response to 

elevated temperatures but, reflects physiological stress 

induced by the higher acclimation temperatures (Doudoroff 

and Shumway, 1970). Reduced oxyhemoglobin affinity at 

relatively high temperatures, changes in blood pH, and 

decreased GTP/ATP may also play a role in reducing low 
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oxygen tolerance at high temperatures (see discussion by 

Schumann and Steffensen 1992). 

Summary 

Oxygen tolerance of fishes is traditionally expressed 

as mean oxygen concentration in mg^L"1 at which 50% of the 

sample loses equilibrium. Reciprocal transformation of 

these data offers several benefits. Transformed measures 

are tied directly to physiological responses and activity of 

fishes because they express oxygen requirements as the 

volume of water that must be ventilated by fish to satisfy 

minimal oxygen demand (L^mg1). In addition, transformed 

estimates are indicative of, and sensitive to, physiological 

changes at low oxygen levels where absolute changes in 

oxygen concentrations are small. These characteristics 

reduce heterogeneity in tolerance estimates between fishes, 

and explain more variability within species where thermal or 

developmental factors modify low oxygen responses. As a 

result, transformed estimates have higher resolution than 

traditional measures for ecological patterns of low oxygen 

tolerance among fishes. 

Responses of ten Texas fishes to low oxygen 

concentrations were partitioned into three statistically 

distinct groups based on reciprocally transformed tolerance 

data. Transformed oxygen tolerance for eight Texas stream 

fishes from three families ranged from 0.52 to 1.26 L«mg-1 
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with all fishes tolerant of oxygen levels above 2 

The moderately high tolerance observed in these fishes 

probably reflect metabolic adaptations associated with 

stream intermittency. 

Two genera from disparate habitats comprised a second 

statistical grouping with transformed low oxygen tolerance 

of approximately 2.8 and 3.8 L«mg~l. Predator avoidance by 

exploitation of hypoxic environments may explain increased 

oxygen tolerance in juvenile longear sunfish (Lepomis 

meqalotis; 2.82 L^mg"1); whereas, sailfin and amazon mollies 

(Poecilia sp.; 3.73 and 3.85 L^mg"1, respectively) probably 

utilize low oxygen tolerance along with morphological 

adaptations to survive stagnate freshwater or estuarine 

habitats where oxygen levels may routinely fall to near 

lethal levels. 

Of the fishes tested here, sheepshead minnow was most 

tolerant of low oxygen conditions. Fish acclimated to 21°C 

tolerated oxygen levels as low as 0.22 mg^L"1 (transformed 

tolerance of 5.64 L«mg"1). Low oxygen tolerance is 

undoubtedly an important adaptation in this species and may 

explain, in part, why sheepshead minnows succeed in extreme 

habitats where other fishes do not. 



CHAPTER IV 

SHORT-TERM EFFECTS OF COPPER EXPOSURE ON 

OXYGEN TOLERANCE OF THE FATHEAD MINNOW 

Introduction 

Copper is a classic limiting factor of fishes, as it is 

both essential and toxic. In small amounts the element is a 

vital micronutrient needed for hemoglobin synthesis (Fox and 

Vevers 1960) and a major component of cytochrome oxidase 

(Frieden 1968; Birge and Black 1979). Indeed, most fishes 

will selectively uptake copper from surrounding water 

independent of actual concentrations (Stokes 1979; Luoma 

1983). As concentrations exceed metabolic requirements, 

however, copper becomes injurious to fishes and ultimately 

reaches lethal levels if concentrations continue to 

increase. 

Since copper rarely reaches lethal levels in natural 

waters, fish populations are more likely to encounter 

sublethal concentrations (Kleerkopper 1976). Birge and 

Black's review (1979) cites numerous studies showing 

significant changes in behavior, growth, reproduction and 

physiology of fishes exposed to sublethal copper 

concentrations. In all cases, copper-exposed fishes 

displayed a reduction in performance capabilities. Many of 

50 
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these processes ultimately affect species survival, 

consequently, sublethal effects of copper exposure may have 

the same ecological relevance as lethality. 

Changes in respiratory physiology of fishes exposed to 

sublethal copper levels have prompted some investigators to 

suggest that impaired oxygen uptake is a major cause of 

copper toxicity in fishes. Observed respiratory effects 

include, blockage of gills by mucus (Westfall 1945; Stokes 

1979; Tasi 1979), pathological changes in gill lamellae 

(Baker 1969; Gardner and LaRoche 1973), and inhibition of 

gill ATPase (Birge and Black 1979). 

Oxygen in water is relatively scarce and highly 

variable even under ideal conditions, thus, decreased oxygen 

uptake resulting from copper exposure can adversely impact 

fish survival. For example, Lloyd (1961), showed that the 

copper concentration producing 100% mortality of rainbow 

trout, Oncorhynchus mykiss. was decreased at lower oxygen 

concentrations and O'Hara (1971), linked decreased oxygen 

uptake in bluegill, Lepomis macrochirus, to sublethal copper 

exposure. Other investigators have shown that residual 

oxygen measurements, (oxygen remaining in a sealed container 

after fish in the container have died), are increased 

following exposure to many substances including dissolved 

metals, although apparently copper has not been tested in 

this manner (see review of Beitinger and McCauley 1990). 
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The relationship between oxygen uptake and copper 

suggests that fishes exposed to the element are less 

tolerant of low oxygen concentrations than unexposed fishes. 

I experimentally tested the null hypothesis that minimum 

oxygen tolerance of fathead minnows, Pimephales promelas. 

exposed to copper is not significantly different from 

unexposed minnows, by measuring minimum oxygen tolerance of 

fathead minnows exposed to four acutely sublethal copper 

concentrations. I also quantified the effects of copper 

concentration and exposure time on oxygen tolerance in 

fathead minnows, and evaluated the usefulness of oxygen 

minimum techniques as a potential bioassay tool. 

Methods 

Fathead minnows used in my experiments were 60 to 90 d 

old individuals obtained from a culture maintained at the 

University of North Texas. These fish had a mean standard 

length of 3.3 cm (SD = 0.44) and mean weight of 0.7 g (SD = 

0.30). All fish were held under a 12:12 lightrdark 

photoperiod, a temperature of 23 ± 0.5°C and fed frozen 

brine shrimp (Artemia sp.) daily. Fish were not fed 24 h 

prior to, or during the experiments. 

A static 96-h LC50 toxicity test was used to determine 

the sublethal copper concentrations and exposure times for 

the oxygen tolerance experiments. For the LC50 studies, 

fish were randomly allocated to five treatment groups 
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consisting of three replicate 40-L glass aquaria containing 

ten fish each. Moderate aeration was provided to each 

aquarium during the experiment. Treatment groups were 

exposed to copper sulfate concentrations equivalent to total 

dissolved concentrations of 0 (control), 93, 319, 505, 607 

or 897 ng Cu*L_1 for 96 h. 

A Perkin-Elmer Model 2380 atomic absorption 

spectrophotometer was used to measure copper concentrations 

in all aquaria daily. Dissolved oxygen (mg-L1), pH, 

hardness (mg^L1 CaC03), alkalinity (mg^L
1 CaC03), 

conductivity (jimhO'cm1) and temperature (°C) were also 

measured daily in each aquarium (Table 5). 

During the LC50 trials, mortality was checked hourly 

during the first 24 h and at least every 6 h for 96 h. Dead 

fish were removed, measured to the nearest 0.1 cm, and 

weighed to the nearest 0.1 g at each observation period. 

Fish surviving trials were measured and weighed at the 

experiment's termination. The 96-h LC50 for copper exposed 

fathead minnows was estimated from the mortality-

concentration data using Statistical Analysis Software (SAS) 

probit analysis (Figure 5). These data were used to 

estimate LC10, LC30, LC50 and LC90 copper concentrations 

which became the exposure concentrations for the minimum 

oxygen tolerance experiments. 

Fathead minnows used for the minimum oxygen tolerance 

experiments were randomly separated into treatment groups 
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comprised of three replicate 40—L aquaria containing 15 fish 

each. Replicates within treatment groups were separated by 

24 h so that fish could be tested on consecutive days. In 

addition, more fish had to be exposed (n = 45) than were 

used in experiments (n = 20) to compensate for mortality 

during exposure (see Table 5 for mortality data). Following 

treatment, fish were moved to the oxygen test chamber and 

minimum oxygen tolerance estimated. 

Minimal oxygen tolerance estimates of fathead minnows 

were made using a modification of the sealed jar hypoxia 

challenge test described by Carter (1962). For each trial, 

10 fish were randomly selected from the appropriate 

treatment group and placed in the test chamber. This 

chamber was a 21—L glass aquarium fitted with a 1 cm thick 

plexiglass lid and filled with copper-free fresh water (mean 

dissolved oxygen = 7.5 ± 0.32 mg«L~l). Fish were separated 

in the chamber by plastic screening. Stopcock grease was 

used as a seal between the lid and the test chamber to 

prevent oxygen influx. Oxygen was stripped from the chamber 

by a blanket of nitrogen bubbles created by forcing nitrogen 

at a flow rate of 0.005 L»sec~l through a porous 

polyethylene tube on the aquarium bottom. Excess gas 

escaped through a one-way diaphragm valve mounted in the 

lid. Under these conditions, chamber oxygen content was 

reduced by approximately % every 20 min. An average trial 

lasted about 1.5 h. 
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A Yellow Springs Instrument Company, Model 53 oxygen 

analyzer continually monitored oxygen concentrations during 

each oxygen tolerance experiment. The oxygen probe was 

calibrated following manufacture's instructions and 

standardized against Winkler titrated water samples before 

each experiment. Magnetic stir bars mixed the test chamber 

water and provided continuous flow across the oxygen probe. 

Oxygen concentration (mg«Ll) was recorded for each 

fish as it lost equilibrium. Loss of equilibrium (LOE) was 

the selected endpoint of these experiments because it 

represents ecological death — oxygen concentrations below 

which fishes in nature can no longer escape conditions that 

ultimately would lead to physiological death. Tests were 

stopped when the last fish of a trial group lost 

equilibrium; fish were then removed from the test chamber, 

weighed to the nearest 0.1 g and standard length measured to 

the nearest 0.1 cm. Oxygen concentrations at LOE for each 

fish were reciprocally transformed for analysis (see Chapter 

III). Nonparametric statistics were used because 

transformed oxygen minimum data were not normally 

distributed (Wilks normality test, P < 0.05). 

Effects of copper concentration on minimal oxygen 

tolerance of fathead minnows were evaluated by exposing 

groups of 20 fish to copper concentrations approximating the 

static 96-h LC10 (120 ng Cu-L"1), LC30 (177 pg Cu*L-1), LC50 

(250 pg Cu«L~l) or LC90 (545 jig Cu*L~l) for 48 h. 
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Transformed minimum oxygen tolerance data for treatment 

groups were tested for significant differences (a = 0.05) 

using Kruskal-Wallis one-way analysis of variance (ANOVA). 

A Student-Newman-Keuls multiple range test (SNK MRT) on 

ranked data was used to sort treatment groups into 

statistically similar subsets (a = 0.05). 

Relationships between exposure time to copper and 

minimal oxygen tolerance of fathead minnows were determined 

by measuring minimal oxygen tolerance for groups of 20 fish 

exposed to copper concentrations equivalent to the LC90 for 

0 (control), 24, 48 and 72 h. Kruskal-Wallis one-way ANOVA 

and SNK MRT (a = 0.05) were used to determine statistical 

relationships among groups. 

Results 

Mortality was related to copper concentration by the 

following model: Mortality (probit units) = 7.375 + 3.966 

Logi0 copper concentration (mg«L~
l). The model defines 

static toxicity at a water hardness of 101 ± 3.3 mg*L_1 

CaC03, alkalinity of 91 ± 10.4 mg^L"
1 CaC03, pH between 7.4 

and 8.0 and temperature of 21.5 ± 0.34°C (Table 5). 

Respective LC10, LC30, LC50 and LC90 values (± 95% fiducial 

limits) estimated by the model were 120 (74 to 160), 186 

(149 to 247), 252 (198 to 302) and 530 (455 to 715) jig 

Cu*L_1 (Figure 5). 
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Fathead minnows exposed to static copper concentrations 

equal to 0 pg Cu*L-1 (control), LC10, LC30, LC50 or LC90 

levels for 48 h had median transformed oxygen tolerances 

(Min-Max) of 1.43 (0.91 to 2.00), 1.11 (0.53 to 1.67), 0.63 

(0.40 to 1.11), 0.53 (0.31 to 0.91), and 0.50 (0.29 to 0.71) 

L»mg_1, respectively (Figure 6). Reciprocally transformed 

minimal oxygen concentrations were highly significantly 

different among the five exposure groups of fish tested 

(Kruskal-Wallis one-way ANOVA, P < 0.0001), with exposure 

groups separated into the following statistically distinct 

subsets; control = LC10 < LC30 < LC50 = LC90 (SNK MRT on 

ranked data, a = 0.05). 

Minimal oxygen tolerances among groups of fathead 

minnows exposed to static LC90 copper concentration for 0 

(control), 24, 48, or 72 h were highly significantly 

different (Kruskal-Wallis ANOVA, P < 0.0001). Statistically 

significant decreases in oxygen tolerance were seen between 

controls (median = 1.43 L«mg-1) and 24 h exposed fish 

(median = 0.63 L*mg_1) and between 24 h and 48 h exposed 

fish (0.50 L«mg~l). The 72 h exposure group, however, had a 

decrease in median LOE oxygen concentration (median = 1.11 

L«mg~l) approaching control levels and was not significantly 

different from the control value (SNK MRT for ranked data, a 

= 0.05). 
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Figure 6 — Transformed low oxygen tolerance (L.mg~l) for 
groups of 20 fathead minnows exposed to various copper 
concentrations for 48 h. Data as five number summary. 
Underlined groups do not differ significantly (a = 0.05) 
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Discussion 

The static 96 h-LC50 of 252 pg Cu«L_1, at a hardness of 

101 mg»irl CaC03, determined for fathead minnows is similar 

to Benson and Birge's (1985) estimate of 210 pg Cu»L~l at a 

hardness of 100 mg«L_1 CaC03. Comparisons of LC50 values for 

copper measured at different water hardness values are 

compromised by the tendency of copper to form complexes with 

dissolved anions and precipitate from solution (Geckler et 

al. 1976; Hodson et al. 1979; U.S. EPA 1980) Reported LC50 

values for fathead minnows include static estimates of 430 

to 1,450 pg Cu»L-1 reported at hardness measures between 200 

and 360 mg^L"1 CaC03 (Pickering and Henderson 1966; Mont and 

Stephan 1968; Geckler et al. 1976), and 84 pg Cu*L_1 

reported at a hardness of 31 mg^L"1 CaC03 (Mount and Stephan 

1968; also see summary data, U.S. EPA 1980). When these 

LC50 values are regressed on hardness, the resulting model 

(Log10 96-h LC50 = 0.1266 + 1.143»Log10 hardness; R
2 = 0.852, 

Hodson et al. 1979) predicts a static LC50 of 262 pg Cu«L-1 

at hardness of 101 mg*LTl CaC03; a value well within the 95% 

fiducial limits of 198 to 302 pg Cu*L-1 estimated in these 

experiments. 

The reduction in copper sensitivity seen in natural 

fish populations is due to binding of toxic cupric ions with 

dissolved organic compounds and substrates making copper 

unavailable to fishes (Geckler et al. 1976; McKnight 1981; 

Luoma 1983). It is likely that the response of oxygen 
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tolerance observed in these experiments is also related to 

the availability of harmful, uncomplexed copper and is thus 

independent of total copper concentration. Consequently, 

the response of oxygen tolerance in natural fathead minnow 

populations would be similar to laboratory fish at 

comparable lethal concentrations of copper. 

The transformed median minimal oxygen concentration of 

fathead minnows in the control group was 1.43 L-mg"1 at 

21.5°C. Values between 0.5 and 1.0 mg«L-1 (1.00 and 2.00 

L»mg_1) have been reported for many other fish species (see 

review by Moore 1942; Lowe et al. 1967; Burton 1980; Bejda 

et al. 1987; Parma de Croux 1987), but may not be directly 

comparable with my data owing to transformation and 

differences in methodology or selected endpoints among 

experiments. Oxygen tolerance of fathead minnows collected 

using methods and conditions similar to those reported here 

have not been previously determined, however, Gee et al. 

(1962), showed that fathead minnows exposed to progressive 

hypoxia became distressed at 1 mg*L-1 (1.00 L*mg-1) and 

Klinger et al. (1982), reported that fathead minnows 

subjected to temperatures between 15 and 5°C survived 

exposure to oxygen levels as low as 0.25 mg«L_1 (4.00 

L • mg-1). 

Oxygen tolerance of fathead minnows was decreased by as 

much as 65% from control fish following exposure to 

sublethal copper concentrations between LC10 and LC90 for 48 
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h (Figure 6). Significant loss of tolerance was not 

evident, however, until copper concentrations exceeded LC10 

levels, and maximal depression of oxygen tolerance occurred 

between LC30 and LC50 concentrations. No significant 

reduction in tolerance was observed beyond the LC50 

concentration. These data show that deterioration in oxygen 

tolerance occurs over a very narrow range of copper, and 

suggest an abrupt metabolic failure once copper 

concentrations reach a critical threshold. 

Although oxygen tolerance of fathead minnows was 

sensitive to relatively small increases in copper 

concentration, the effect was not persistent. Transformed 

median lethal oxygen concentrations of fish exposed to LC90 

copper concentrations decreased from 1.43 L«mg_1 in control 

fish, to 0.63 L*mg-1 after 24 h and reached a minimum of 

0.50 L«mg-1 after 48 h of exposure. By 72 h, however, 

values had returned to 1.11 L«mg-1, near control levels 

(Figure 7). This observation was unexpected, and may 

reflect either loss of sensitive individuals before 72 h of 

exposure time was reached or the induction of some 

compensatory biochemical/physiological mechanism. Loss of 

sensitive individuals would explain the decreased frequency 

of extreme values at high oxygen concentrations, but the 

increased frequency of observations at oxygen concentrations 

below those seen in either the 24 or 48 h exposure groups 

could only result from improved oxygen tolerance. 
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fathead minnows exposed to static 96-h LC90 copper 
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The mechanism used by fathead minnows to mitigate 

oxygen intolerance is unknown, but many fishes circumvent 

problems associated with copper exposure by either limiting 

copper uptake across gill surfaces (Brungs et al. 1973; De 

et al. 1976) or by excreting the element. Fishes can 

excrete copper directly via the kidney (Stokes 1979), or 

complexed with the liver storage protein L-6-D 

(metallothionein), which presumably facilitates copper 

excretion with bile (Merceau 1979). Benson and Birge 

(1985), detected relatively high levels of metallothionein 

in fathead minnows occurring in waters high in copper and 

induced its production in hatchery fathead minnows by 

exposure to cadmium. It is tempting to attribute the 

recovery of oxygen tolerance of fish in these experiments to 

this mechanism, but the experimental design does not 

discriminate between mechanisms that limit copper uptake and 

those that excrete copper. It is clear, however, that 

fathead minnows are capable of invoking some type of 

compensatory mechanism and thus, are susceptible to low 

oxygen levels only during initial stages of copper exposure. 

Although oxygen tolerance of fathead minnows returned 

to normal between 2 and 3 d, mortality during the static 96-

h LC50 toxicity test persisted beyond 72 h. Indeed, 31% of 

total mortality occurred after oxygen tolerance had returned 

to control levels, between 72 and 96 h post exposure, 

suggesting that factors other than compromised oxygenation 
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contribute to copper toxicity in fishes (Sellers et al. 

1975). These data do suggest, however, that the sublethal 

effects of copper on oxygen tolerance may cause fish 

mortality if coupled with low ambient dissolved oxygen. 

Many aquatic systems are naturally high in metals, with 

concentrations sometimes approaching lethal levels (Luoma 

1983). Activities of man can also increase metal 

concentrations, including copper, in some areas (McKnight 

1981; Luoma 1983; Hartwell et al. 1989). It is possible, 

therefore, for fathead minnows in marginally oxygenated 

natural environments to be killed by exposure to copper 

concentrations that are considered sublethal by standard 

toxicity tests. These laboratory data suggest that 

relatively small increases in copper could be especially 

dangerous where copper levels approach the response 

threshold of oxygen tolerance. 

The current emphasis on using fishes as indicators of 

the ecological integrity of their environments has focused 

on isolating physiological changes or metabolic by-products 

specific to various environmental insults (Hartwell et al. 

1989). To be effective, indicators should be persistent, 

sensitive and preferably confined to a specific type of 

stressor e.g., toxic metal exposure. Some investigators 

have suggested that residual oxygen measurements meet these 

criteria and are a useful bioassay tool (Carter 1962; Vigers 

and Maynard 1976; Gordon and McLeay 1977). Although fathead 
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minnows showed significant changes in oxygen tolerance in 

response to copper exposure, the limited range of response, 

coupled with the short temporal window where measures would 

be effective seem to indicate that the oxygen minimum 

technique used here would not be a good bioassay tool for 

determining copper exposure of fishes. 

Summary 

The 96-h LC50 of copper for fathead minnow was 252 jag 

Cu*L-1 with 95% fiducial limits of 198 to 302 jig Cu»L-1 at a 

hardness of 101 mg^L"1 CaC03, 21.5°C and pH between 7.4 and 

8.2. Minimum oxygen tolerance of fish subjected to 

continuously decreasing oxygen concentrations was inversely 

related to copper concentration. Groups of 20 fish exposed 

to 0 pg Cu«L_1 (control), static 96-h LC10, LC30, LC50 and 

LC90 copper concentrations for 48 h, lost equilibrium at 

median transformed oxygen concentrations of 1.43, 1.11, 

0.63, 0.53, and 0.5 L*mg"1, respectively. Fathead minnows 

exposed to 96-h LC90 copper concentrations for intervals of 

0 (control), 24 and 48 h had significantly different median 

LOE oxygen concentrations of 1.43, 0.63 and 0.50 L»mg-1, 

respectively. By 72 h of exposure time, LOE concentrations 

had returned to 1.11 L*mg-1, a value not significantly 

different from controls. Although the oxygen tolerance 

technique was sensitive to small changes in copper 

concentration, the rapid recovery of tolerance to baseline 
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levels make these measures a poor indicator of copper 

exposure in natural fish populations. 



CHAPTER V 

THERMAL TOLERANCE OF THE SHEEPSHEAD MINNOW 

Introduction 

Fishes' dependence on their thermal habitat make it 

difficult to consider any aspect of their biology without 

addressing temperature. Temperature determines 

physiological rates, dictates biological activity and 

defines a species' range of distribution. Even fishes that 

exercise a measure of thermal independence (e.g., tunas or 

migratory fishes), do so in response to temperature 

limitations or consequences. Although most fishes live 

within a relatively narrow range of temperature, a few 

tolerate extremes that nearly span the biokinetic zone. 

Among these are the pupfishes (genus Cyprinodon) of the 

family cyprinodontidae. 

Pupfishes succeed in thermal habitats where 

temperatures routinely exceed 40°C (Brown and Feldmeth 1971; 

Heath et al. 1993), as well as, areas where low seasonal 

temperatures freeze water (Feldmeth and Brown 1971; Bennett 

and Judd 1992b). Many of these same fishes experience 

extreme seasonal, diurnal or meteorological temperature 

fluctuations within their range. For example, Death Valley 

pupfish Cyprinodon nevadensis endure seasonal temperature 
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changes of up to 40°C (Naiman et al. 1973). Furthermore, 

both Cvprinodon nevadensis and Cvprinodon artifrons are 

knovm to commonly experience diurnal fluctuations of more 

than 15°C in their natural habitats (Naiman et al. 1973; 

Heath et al. 1993). Perhaps the most rigorous thermal 

extremes are encountered by sheepshead minnows, Cyprinodon 

varieqatus, living in shallow south Texas tide pools where 

summer conditions can increase water temperatures to 38°C 

(Strawn and Dunn), and winter cold fronts can reduce water 

temperatures from 15 to —1.8°C in as little as 24 h (Bennett 

and Judd 1993b). These fish frequent habitats so 

abiotically extreme, that often they are the only fish 

present (Hoese and Moore 1977). Despite their apparent 

thermal plasticity, a complete thermal tolerance profile has 

never been determined for a pupfish. 

Temperature requirements of fishes in their natural 

environment are not easily described. Thermal tolerance 

inferred from distribution ranges do not consider behavioral 

thermoregulatory strategies, and fishes seldom occupy all 

thermal habitats which they can tolerate (Doudoroff 1942). 

Observations of fishes killed during episodes of extreme 

temperature are, likewise, poor indicators of thermal 

tolerance, because they can not discriminate between 

population size or acclimatization level and mortality 

(Bennett and Judd 1992a). Thus, most measures of thermal 

tolerance for fishes are determined in the laboratory. 
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Laboratory estimates of temperature tolerance use 

either static or dynamic techniques. Although both methods 

quantify temperatures lethal to 50% of the sample, they do 

not yield similar results (Becker and Genoway 1979). 

Mathematical relationships between high lethal temperatures 

determined by the two methods were discussed by Fry (1947) 

and later reconciled by Kilgour and McCauley (1986). 

However, comparisons of low thermal estimates using both 

methods give incongruous results (Bennett and Judd 1992a) 

the cause of which remains unknown. While the ecological 

and mathematical correlations may be unsettled, each method 

has certain advantages. 

Static methods estimate temperature tolerance from 

mortality in groups of fish plunged into high or low 

temperatures near the lethal limit for a specific time. 

Upper (UILT) and lower incipient lethal temperatures (LILT), 

are determined from a regression of plunge temperature on 

percentage mortality and define the temperature lethal to 

50% of the sample (Fry et al. 1942; Schmidt—Nielsen 1990). 

This technique does not confuse time with temperature or 

allow partial acclimation of fishes during the trial. 

In addition, if UILT and LILT are measured over the 

entire range of possible acclimation temperatures, zones of 

lethality, resistance and tolerance can be defined by a 

thermal tolerance polygon (Fry 1947). The tolerance polygon 

area (°C2) provides a concise summary of physiological 
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temperature requirements and is a useful comparative index 

of relative thermal tolerance among fishes (Fry 1947; Brett 

1956; Elliott 1991). 

Since the introduction of static methodology 50 years 

ago, complete static thermal profiles have been determined 

for only about 30 fishes (Brett 1956; Schmidt-Nielsen 1990; 

Elliott 1991). The first physiological thermal tolerance 

polygon was measured for the goldfish, Carassius auratus 

(Fry et al. 1942). The resulting 14-h physiological thermal 

tolerance zone of 1220°C2 is the highest of any fish tested 

in this manner (Elliott 1981). Conversely, icefish 

Trematomus sp. have the smallest known temperature polygon 

(Brett 1970). These fish survive temperatures as low as 

—1.8°C but succumb to temperatures above 6°C (Brett 1970; 

Fry 1971). Different static thermal tolerances among fishes 

are believed to reflect historical relationships 

(evolutionary and acclimation) of fishes with their thermal 

environment (Hirshfield et al. 1980). 

During dynamic experiments, water temperature is 

increased or decreased at a constant rate until some 

non—lethal endpoint, (e.g., loss of equilibrium or the onset 

of muscle spasms) is reached. A critical thermal maximum 

(CTMax) or minimum (CTMin) temperature is calculated as the 

arithmetic mean of the collective thermal points at which 

the endpoint was reached (Cox 1974). Dynamic methods are 

fast, require relatively few fish, do not confuse handling 
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stress with thermal stress and approximate natural 

conditions better than static determinations (Bennett and 

Judd 1992a). 

Most thermal tolerance estimates have been determined 

using CTM methods, probably because of their logistical 

advantages over static indices. Dynamic methods resolve 

only a single point of the time—temperature relationship. 

Until recently this has limited their use to direct 

comparisons among fishes of similar acclimation states. In 

a departure from traditional methods, modified CTM values 

have been used to construct temperature polygons of some 

fishes (Elliott 1991; Elliott 1981). This approach is 

intuitively sound and can provide useful comparisons of 

thermal tolerance among fishes. Presently only a limited 

number of CTM polygons are available and their relationship 

to traditional temperature polygons derived from plunge 

studies is unknown. 

The following experiments address some of the 

deficiencies in our understanding of temperature tolerance 

of fishes with respect to two major objectives. First, a 

complete static and dynamic thermal tolerance of a south 

Texas sheepshead minnow (Cyprinodon variegatus) population 

was determined. These results were compared to the results 

of other fishes and the values were interpreted within the 

context of the sheepshead minnows thermal environment. 
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Sheepshead minnows are common from Maine to Venezuela 

and throughout the West Indies (Hoese and Moore 1977). It 

was their persistence in extreme south Texas environments, 

however, which suggested that they may be among the most 

thermal tolerant of all fish. Although, partial static and 

dynamic thermal tolerance estimates are available for 

several pupfish (Feldmeth and Brown 1971; Otto and Gerking 

1973; Gehlbach et al. 1978) including sheepshead minnow 

(Strawn and Dunn 1967), these studies provide the first 

complete thermal profiles of a Cyprinodon species. 

A second objective was to evaluate various 

characteristics of dynamic and static thermal tolerance 

estimates. To this end, changes in static tolerance over 

time, were scrutinized and compared to absolute and 

theoretical differences between static and dynamic estimates 

relative to the survival of sheepshead minnows in their 

natural thermal environment. The compatibility of the two 

methods at both high and low temperatures was assessed. 

Methods 

Capture, maintenance and acclimation 

Sheepshead minnows were collected with a 10—m bag seine 

from a shallow tide pool 1.3 Km north of the Brazos-Santiago 

Pass, South Padre Island, Texas. Fish used to determine 

static thermal tolerance were collected in June 1993 and had 

a mean (± SD) length of 2.8 ± 0.61 cm and weight of 1.12 ± 
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0.804 g. Fish collected in September 1993 for dynamic 

experiments had a mean (± SD) length of 2.9 ± 0.56 cm and 

weight of 1.24 ± 0.679 g. 

Following capture, sheepshead minnows were transported 

to The University of Texas-Pan American Coastal Studies 

Laboratory, treated with 250 ppm formalin solution for 1 h 

and transferred to 130-L holding tanks containing filtered 

seawater. While in the holding tanks, fish were fed 

TetraMin conditioning food twice daily and treated with 5 

g»L"1 oxytetracycline. 

After a 5 d treatment period, fish were transported to 

the University of North Texas, and transferred to 190—L 

glass aquaria. All fish were maintained in the laboratory 

for 30 d in synthetic seawater at a salinity of 35 ± 3% 0, 

temperature of 21.0 + 0.5°C and a 12:12 light:dark 

photoperiod prior to acclimation and experimentation. Fish 

were fed TetraMin conditioning food twice daily during 

holding and acclimation periods but were not fed 24 h prior 

to, or during experiments. 

Sheepshead minnows used in all experiments were held a 

minimum of 30 d at final acclimation temperatures. Thermal 

acclimation rates of sheepshead minnows are unknown, 

however, the pupfish Cvprinodon artifrons acclimates to high 

temperature in less than two d (Heath et al. 1993) and 

Cvprinodon dearborni show complete acclimation in three d 

(Chung 1981). Other marine fishes achieve complete 
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acclimation in 5 to 15 d (Doudoroff 1942; Brewer 1976; 

Bennett and Judd 1992b), and acclimation to both high and 

low temperatures are probably complete in most fishes by 20 

d (Brett 1956; Schmidt-Nielsen 1990). Therefore, I have 

assumed that the 30 d minimum holding period used in these 

experiments was adequate to assure complete thermal 

acclimation of sheepshead minnows. 

Static thermal tolerance experiments 

Haake model D1 recirculating thermoregulators were used 

to achieve and maintain acclimation temperatures to within 

0.3°C. Groups of sheepshead minnows acclimated to high 

temperature were placed into 190—L aquaria and water 

temperature was raised l°C*d~l until final acclimation 

temperatures of 25, 30, 35 and 40°C were reached. An 

additional aquarium needed to complete the upper temperature 

series was adjusted to 43°C but contained no fish for 

acclimation. 

The 190—L aquaria used for cold acclimation and 

experimentation were held in Jamison walk-in cooler (inside 

dimensions: 3.6x2.6x2.6 m). Air temperature in the cooler 

was set at —1.5°C and Haake thermoregulators were used to 

hold initial water temperatures at 20.0 ± 0.3°C. After 

placing fish into four of the aquaria, water temperatures 

were decreased l°C»d"1 by downward adjustment of the heating 

units until acclimation temperatures of 20, 15, 10 or 5 ± 
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0.3°C were reached. A fifth aquarium was maintained without 

fish at chamber air temperature (-1.5°C) for use during the 

plunge experiments. 

Following the acclimation period, sheepshead minnows 

from each acclimation temperature were divided into groups 

of 10 and placed into floating fiberglass screen baskets. 

Baskets were 11.4 cm in diameter, 20.3 cm in length and were 

suspended from styrofoam rings. At the start of the 

experiment, nine baskets were removed from each acclimation 

temperature and redistributed one each, into all other 

acclimation temperatures, the —1.5°C and the 43"C aquaria. 

The ten remaining fish in each acclimation aquarium served 

as the experimental control. 

Mortality in each basket was recorded hourly for the 

first 24 h and then every 12 h for an additional 24 h. Fish 

were considered dead after opercular movement ceased and the 

fish did not respond to tactile stimulation within one 

minute after being returned to acclimation temperatures. 

Estimates of UILT and LILT were interpolated from 

linear regressions of percentage mortality at 12, 24 and 48 

h on high and low plunge temperatures for each temperature 

acclimation group (Figure 8; Graph A). Lethal incipient 

temperatures were the estimated plunge temperatures 

corresponding to 50% mortality from the regression models 

(Fry 1971). In theory, 50% of the sample should survive 

indefinitely at this temperature. Temperatures between the 
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Figure 8.— Development of 48-h physiological thermal 
tolerance polygon from raw data. Graphs depict lethal 
temperature determination from sheepshead minnows acclimated 
to 30°C and plunged into five low temperatures (n = 10 for 
each group) for 48 h (only four groups are used in graph A). 
(A)- Total 48 h mortality of each group regressed on plunge 
temperature. Plunge temperature resulting in death of the 
median fish (incipient lethal temperature) becomes one point 
on the lower tolerance zone border (graph D). The 
x—intercept is used to construct the zone of thermal 
independence (not shown). (B)- Median lethal exposure time 
(time to 50% mortality) is interpolated from regression of 
cumulative % mortality on exposure time from 5"C plunge 
group. (C)— The 5°C MLET+1 h with corresponding values from 
other plunge groups are plotted log—linearly and the low 
lethal (y—intercept) temperature corresponding to survival 
time of zero, becomes a point on the lower boundary of the 
resistance zone in graph D. (D)- The procedure is repeated 
for upper and lower plunge trials for each acclimation 
group. The cumulative points make up the upper and lower 
boundary of the physiological zone of thermal tolerance and 
resistance (see text for details). Panel D represents 1,600 
data points. 



79 

O O 

8 § 8 8 2 

( O o ) © j n i B j e d u i e i 

8 

§ O 
0 w 

s 
8 i 

1 
E 

8 & 
0 

o E 

1 

0 
0 

8 
II 

s 

1 
e 

£ 

1 

(%) *«bwowm8> 

V «*"% JS -1 

V DO S V W
 M 

I 

§v s V 

i i i • - i i i i i i i 

8 8 8 3 8 ° 

(%) O.BJ» 
Abbjjowm W a^tnujno 

«HI 11 I I , niill 

§ § 5 - 5 

(l+M) oujll wn»odx3 
|WflSlUB||»W 



80 

UILT and LILT define the scope of tolerance for sheepshead 

minnow for a given acclimation level. These values were 

determined across the entire range of acclimation 

temperatures for sheepshead minnow and define the total 

physiological thermal tolerance polygon (Figure 8; Graph D; 

also see Fry 1947). 

The X-intercept of the high and low temperature 

regressions define temperatures where thermal mortality of 

sheepshead minnows becomes zero (Figure 8; Graph A). 

Temperatures between the upper and lower x-intercept values 

define the thermal range within which mortality of fish is 

independent of temperature (Bennett and Judd 1992a). High 

and low x-intercept measures were used to construct a zone 

of thermal independence in sheepshead minnows. 

Exposure time lethal to 50% of the fish (median lethal 

exposure times; MLET), were interpolated from a regression 

of cumulative percentage mortality on exposure time for each 

upper and lower plunge temperature within each temperature 

acclimation group (Figure 8; Graph B). Regression models 

from high and low lethal temperatures were recorded for each 

acclimation group (Table 6). Upper lethal (ULT) and lower 

lethal temperatures (LLT) i.e., the temperature where MLET 

became zero for fish in each temperature acclimation group, 

were predicted from the X—intercept of the regression of 

logio (MLET +1) on upper and lower plunge temperature, 

respectively (Figure 8; Graph C). The freezing point of 
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saltwater was taken as the LLT for low temperature 

acclimation groups, where extrapolated values fell below 

-1.9°C. 

Table 6.— Regression models of median lethal exposure time + 
1 h on plunge temperature for fish acclimated to 
temperatures between 5 and 40°C. MLET + 1 h = antilog 
[intercept + slope • plunge temperature (°C)]. 

Acclimation 
(°C) 

High Temperature Low Temperature 
Acclimation 

(°C) Slope Intercept Slope Intercept 

5 0.2187 7.9511 * * 

10 -0.1445 5.7610 0.0333 1.5183 

15 -0.1258 5.2399 0.0726 0.9892 

20 -0.3637 14.7125 0.1871 0.4878 

25 -0.2629 11.0275 0.1960 0.3046 

30 -0.2357 10.8445 0.1437 0.1493 

35 -0.1159 6.0988 0.0540 0.1469 

40 * * 0.0974 -0.4417 

* Signifies groups containing only one plunge 
temperature 

In theory, the ULT and LLT represent temperatures where 

thermal death is instantaneous and, thus, are unaffected by 

differences in exposure duration. In practice, however, 

differential mortality over time reduced the accuracy of ULT 

or LLT estimates, especially in 12—h experiments where 

considerable extrapolation was required. Therefore, all ULT 

and LLT values used to estimate zones of resistance in these 

experiments, were calculated from 48—h mortality data 

(Figure 8; Graph D). 
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Temperature polygons showing tolerance, resistance and 

lethal zones were constructed for sheepshead minnows by 

plotting 12-, 24- or 48-h parameters against acclimation 

temperature (see Fry 1947; Brett 1956; Fry 1971). Zones of 

thermal independence were also determined for each exposure 

time. Upper, lower and lateral boundaries of each zone were 

defined using methods described by Fry (1947). Because 

Fry's description is not a detailed one, a brief outline 

relating the demarcation of a zone of tolerance is provided 

here (see Figure 8; Graph D). 

The regression line of ILT on acclimation temperature 

constitutes the major segment of the upper and lower 

boundaries of each thermal tolerance polygon. The remainder 

of the upper right boundaries were defined in two steps. 

First an isoline was drawn representing points along each 

axis where temperatures were equal. This line represents 

convergence of lethal temperature with acclimation 

temperature. Intersection of the tolerance polygon 

boundaries with the isoline defines the points where 

temperature acclimation in that direction stops. When the 

highest UILT (ultimate upper incipient lethal temperature; 

UUILT) temperature did not intersect the isoline, the UUILT 

was connected to the isoline by a horizontal line to 

complete the upper boundary of each thermal tolerance 

polygon. 
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The right lateral boundary was made by drawing a 

vertical line from the UILT-isoline intersection to the 

lower lethal boundary regression line. The reverse 

procedure was used to identify lower and left lateral 

boundaries of each thermal tolerance polygon. In cases 

where low temperature estimates fell below the freezing 

point of seawater, a lower boundary value of -1.9°C was 

used. The above procedure was repeated for zones of 

lethality and thermal independence for each exposure time. 

Upper and lower ILT regression lines plotted together 

with the lateral boundary lines determined the physiological 

thermal tolerance zone for sheepshead minnows. Respective 

zones of high and low temperature resistance were described 

by the area between upper and lower tolerance zone 

boundaries and the ULT and LLT regression lines. Areas of 

thermal independence fell within tolerance zones. Areas 

outside the resistance zone represent the lethal zone where 

temperatures were fatal regardless of previous acclimation 

temperature or exposure time. 

Predicting CTM from static data 

Dynamic temperature tolerance (CTM) estimates for 

sheepshead minnows were predicted using minute mortification 

rates (MMR) derived from 48-h static thermal tolerance data. 

These rates were calculated as the reciprocal of MLET and 

specify percentage mortality (expressed as a decimal 
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equivalent) per h at each plunge temperature (Fry 1947; Fry 

1971; Kilgour and McCauley 1986). Minute mortification 

rates of sheepshead minnows were calculated at each plunge 

temperature where mortality occurred for temperature 

acclimation groups between 10 and 35°C. Temperatures of 

—1.9 and 45°C were assumed to be immediately lethal and were 

assigned an MMR of 1.0. 

Partial MMR values were interpolated between 

measurement intervals by dividing the average MMR value of 

adjacent plunge intervals by the number of degrees within 

the interval. Partial values were assigned beginning with 

the most extreme plunge temperature at which 48 h mortality 

was 0% (MMR = 0) and continuing to the lethal temperature 

(MMR = 1.0). The number of minutes fish spent at any 

temperature over which mortality occurred was based on the 

O.l'Omin"1 rate of temperature change used during the 

dynamic experiments. Thus, fractional mortality at any 

temperature was 10 (number of minutes at each temperature) 

times the partial MMR. 

Predicted CTM for each acclimation temperature was the 

point at which the fractions of dying at the various 

temperatures equaled one. A regression of predicted CTMin 

(or CTMax) on acclimation temperature was used to predict 

CTM values at acclimation temperatures different from those 

used in the static experiments. Critical thermal minima and 

maxima for acclimation temperatures of 5, 21 and 35°C were 
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estimated from the regression model and compared to 

experimentally derived values. 

Dynamic thermal tolerance experiments 

Critical thermal minima and maxima were experimentally 

determined using groups of 20 sheepshead minnows acclimated 

to 5.0 and 38.0 ± 0.3°C. Groups of 30 fish were used to 

determine CTMin and CTMax at an acclimation temperature of 

21.0°C ± 0.5. Fish were separated into three groups (two 

groups of 40 and one group of 60) and transferred to one of 

three 190—L glass aquaria for acclimation. Water 

temperatures in two of the aquaria were gradually decreasing 

or increasing at l-Od"1 until acclimation temperatures of 

5.0 and 38.0°C were achieved. High acclimation temperatures 

were achieved and maintained with a Haake thermoregulator; 

cold acclimation temperatures were maintained by a Haake 

thermoregulator used in combination with a Varian Aerograph 

submersible cooling coil. Fish in the third group were 

allowed to acclimate at ambient laboratory temperatures (21 

± 0.3°C). 

During CTM trials, 10 sheepshead minnows were randomly 

selected from the appropriate acclimation temperature and 

placed one each, into 10 transparent poly vinyl chloride 

(Excellon-R-4000®) cylinders. Cylinders were 20 cm long, 

had a diameter of 5.5 cm and held 0.5 L of saltwater. Prior 

to each trial, cylinders were filled with newly made 
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synthetic saltwater having a salinity of 35<y a n d 

temperature equal to acclimation temperature. Cylinders 

were then submersed into a temperature controlled 190—L 

glass test chamber. Test water was continually mixed during 

trials by bubbling air through each cylinder. 

During CTMin trials, chamber water was cooled by a 

Blue—M constant flow portable cooling coil. Three Haake 

recirculating thermoregulators were used to circulate (but 

not heat) test chamber water across the coil to promote 

uniform cooling of cylinders and impede coil icing. Water 

temperatures in the test chamber were increase during CTMax 

trials by activating the heating element of one or more 

thermoregulators. Cylinder water temperatures were reduced 

or increased during CTM experiments at a rate of 0.1 ± 

0.01oC»min"1 by maintaining a constant 0.7°C temperature 

gradient between the CTM chamber and the cylinders. 

The CTM methodology dictates that temperature change 

during trials should proceed at a constant rate just fast 

enough to permit deep body temperatures to follow test 

temperatures without significant time lag (Cox 1974). Rates 

that are too fast may over estimate CTM values, whereas, 

slow rates allow partial acclimation of fishes (Elliott 

1981; Becker and Genoway 1979). Although the ideal rate 

varies with fish size and body type (Cox 1974), the 

O.l'X'min1 rate used during my CTMin and CTMax experiments 

has been shown to meet the CTM criteria for fish within the 
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general size range of those used here (Becker and Genoway 

1979). 

Loss of equilibrium (LOE) was the experimental endpoint 

during CTM trials. Equilibrium loss represents systemic 

disorganization that prevents fish from escaping conditions 

that ultimately result in death (Cox 1974) and is considered 

an ecological index of lethality (Hutchinson 1976; Paladino 

et al. 1980). Loss of equilibrium was defined as failure of 

a fish to maintain dorso-ventral orientation for at least 

one minute. After reaching this endpoint, fish were able to 

right themselves only during short bursts of activity. I 

found this endpoint to be less subjective and easier to 

identify than final loss of equilibrium (Becker and Genoway 

1979; Paladino et al. 1980), especially during CTMin trials. 

As LOE was observed cylinder water temperature was 

measured with a calibrated mercury thermometer to within 

0.1°C. The fish was then removed from the cylinder, weighed 

(± 0.5 g), measured (standard length ±0.1 cm) and returned 

to acclimation temperatures to assess survival. Temperature 

changes were continued until LOE was observed in all test 

fish. 

Critical thermal minima and maxima of sheepshead 

minnows were estimated for each acclimation temperature as 

the arithmetic mean temperature at which LOE was observed. 

Resulting CTM values were used to create a dynamic 
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temperature tolerance polygon for sheepshead minnow using 

the technique previously described for static data. 

Data comparisons and statistical analyses 

Evaluations of static tolerance over time, dynamic with 

static methodology or point estimates such as CTM and ILT, 

were based on direct comparisons of relative and absolute 

differences. Statistical comparisons of standard length and 

weight of sheepshead minnows among and within experiments 

were made using one-way analysis of variance (ANOVA) or an 

independent t-test. Student-Newman-Keuls multiple range 

test (SNK MRT) was used to discriminate between three or 

more groups of means. Simple linear regression (SLR) was 

used to quantify relationships between length or weight on 

temperature, CTM on acclimation temperature, and percentage 

mortality on exposure time. All statistical decisions were 

based on a = 0.01. 

Results 

The 90—d interim between collection of fish used in 

static experiments and those used in dynamic studies had no 

affect on fish size. Sheepshead minnows collected during 

June, 1993, and September, 1993, showed no significant 

differences in either standard length or weight (Independent 

t-test; df = 938; P = 0.015 and 0.120, respectively) at the 

time they were used in my experiments. Significant 
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variations in size were, however, evident in groups of fish 

within dynamic and static samples. 

Significant differences in standard length and weight 

were found between only two of the 80 fish groups used in 

static experiments. The 10°C acclimation group plunged into 

35°C water had a mean (± SD) standard length of 3.4 ± 0.69 

cm and mean weight of 2.02 ± 1.268 g. These values were 

significantly smaller than the mean (± SD) standard length 

of 2.3 ± 0.36 cm and weight of 0.48 ± 0.245 g measured for 

the 25°C acclimation group plunged into 40°C (SNK MRT; a = 

0.01). It is unlikely, however, that thermal tolerance 

estimates were effected by these size deviations because 

mortality was 100% in both groups within 6 h of exposure. 

Significant differences in both length and weight were 

also found among groups of sheepshead minnows used during 

CTM experiments (one-way ANOVA; df = 5, 139; P < 0.0001 for 

both variables). These findings were probably related to 

differences in growth rate at different acclimation 

temperatures and large sample size. Linear regression 

analysis, however, failed to show significant relationships 

between either length or weight of fish in any experiment 

and temperature at which LOE was observed (R2 from 0.0004 to 

0.2550; P from 0.052 to 0.942); therefore, these variables 

were not considered important to the outcome of these 

experiments. 
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Respective static thermal tolerance polygon areas of 

fish exposed for 12, 24 and 48 h were 1379, 1251 and 1118 

°C2 (Figures 9, 10 and 11). Depreciation of tolerance zone 

area over time was not uniform across the polygon but 

occurred predominately in response to upward shifts in LILT 

values of sheepshead minnows acclimated to temperatures 

below 15°C (Figure 12). The rate of decrease was log-normal 

with respect to time based on the three values estimated. 

Physiological temperature tolerance limits of the fish 

decreased by approximately 10% with each increase in 

exposure duration. 

Areas for zones of thermal independence within each 

tolerance zone were estimated at 717, 610 and 517 °C2 at 12, 

24 and 48 h, respectively (Figures 13, 14 and 15). The 12—h 

thermal independence zone diminished by approximately 18% 

after 24 and again between 24 and 48 h. Unlike the 

tolerance zone, area of the thermal independence zone was 

lost in a relatively uniform manner. The absolute rate of 

area loss, however, was 1% times slower than change in 

thermal tolerance. 

Resistance zone limits for all static temperature 

polygons were estimated from 48 h data, thus, increased 

resistance zone area over time was related to decreases in 

tolerance zone area and not changes in resistance levels. 

Regression models from high and low lethal temperatures 

recorded for each acclimation group and can be used to 
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predict survival time within the zone of resistance for 

sheepshead minnow for each acclimation temperature (Table 

6). These data showed resistance times within the zone were 

positively correlated with acclimation temperature at upper 

lethal temperatures (R = 0.836; 0.010 > P > 0.087) and 

inversely correlated at low lethal temperatures (R = —0.933; 

P < 0.001). No mortality was observed in any of the control 

groups during the static experiment. 

Sheepshead minnows acclimated to 5, 21, or 38°C had 

CTMax (± SD) values of 34.6 ± 1.95, 40.1 ± 0.90 and 44.2 + 

0.29°C and CTMin (± SD) values of 0.6 ± 1.31, 6.9 ± 1.97 and 

11.3 ± 0.52°C/ respectively. A dynamic temperature 

tolerance polygon developed from theses values had an area 

of 1451°C2 (Figure 16) and was 5% larger than the 12 h 

polygon determined by static methods. 

Predictably, CTMin and CTMax were directly proportional 

to acclimation temperatures. Regressions of CTMin and CTMax 

on acclimation temperature showed the relationship to be 

highly significant (SLR; df = 5; P < 0.001; R2 = 0.987 and 

0.996, respectively). The regression slope indicates that 

sheepshead minnow increased CTMax by 0.29°C for every 1°C 

increase in acclimation temperature. A decrease of 0.33°C 

was observed in CTMin for every 1°C drop in acclimation 

temperature. 

Approximately 93% of the 70 fish used in CTMax trials 

survived the experiment when returned to acclimation 
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temperatures. Mortality of the remaining fish probably 

occurred because they were not removed promptly after the 

endpoint was reached. All fish (n = 70) used in the CTMin 

trials survived. 

Critical thermal maximum values predicted from static 

minute mortification rates of sheepshead minnows showed good 

agreement with experimentally determined estimates. Static 

data predicted CTMax values of 36.3, 40.1 and 44.0°C for 

sheepshead minnows acclimated to 5, 21 and 38°C. Variation 

between predicted and actual CTMax was largest for fish 

acclimated at 5°C where static data overestimated dynamic 

temperature tolerance by 1.7°C or 5%. For sheepshead 

minnows acclimated at 21 and 38°C, static data under 

estimated CTMax by less than 0.5%. 

Critical thermal minima estimates from static data 

underestimated experimental dynamic low temperature 

responses of sheepshead minnows by as much as 240%. 

Respective CTMin values of —1.6, 0.8 and 3.3°C were 

predicted from static data for fish acclimated at 5, 21 and 

38°C. Differences between the predicted and measured CTMin 

values were 1.7, 6.1 and 8.0°C, respectively. 

Discussion 

Thermal ecology of the sheepshead minnow 

The 12-h physiological thermal tolerance zone 

determined for sheepshead minnows (1379°C2) is the largest 
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ever measured in a fish. It exceeds the previous 14—h 

thermal tolerance record held by goldfish (1220°C2; Fry et 

al. 1942), by more than 13% (Figure 17). Thermal tolerance 

polygons characterize the relationship between total 

acclimation range and acclimation scope at any given 

acclimation temperature. The acclimation range in 

sheepshead minnows was approximately 3°C larger than that of 

goldfish, primarily due to different freezing points of 

fresh and saltwater. Sheepshead minnows also show a greater 

acclimation scope than goldfish across most of its 

acclimation range, especially at temperatures below 15°C 

(Figure 17). 

The large physiological thermal tolerance zone of 

sheepshead minnow is undoubtedly an adaptive response to 

temperature extremes experienced by this small fish in its 

natural habitat. Sheepshead minnows used in these 

experiments were captured in July 1993 from isolated tide 

pools where midday temperatures approached 34°C, and Strawn 

and Dunn (1967) have observed these fish at temperatures as 

high as 38°C. During a severe cold front in December 1989, 

however, water temperatures in this area dropped to —1.8°C 

(Bennett and Judd 1992b). Cold fronts often reduce water 

temperatures in south Texas several degrees in a period of 

hours (Gunter and Hildebrand 1951; Moore 1973; Holt and Holt 

1983), making physiological tolerance, especially under 

dynamic temperature changes, a necessary survival mechanism 
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for sheepshead minnows trapped in shallow tide pools. 

High tolerance of dynamic temperature changes appears 

to be characteristic of pupfishes in general. The CTMax for 

sheepshead minnows acclimated to 38.0°C was 44.2°C. This 

value exceeds respective CTMax estimates of 43.4°C and 

43.7°C for Cottonball Marsh pupfish Cyprinodon sp. 

acclimated to 35°C (Otto and Gerking 1973) and Cyprinodon 

artifrons acclimated to 30°C. Dynamic heat tolerance of 

sheepshead minnow was, however, 1.1"C lower than the CTMax 

of Cyprinodon artifrons acclimated to cycling temperatures 

of 27 to 41°C (Heath et al. 1993). Pupfish acclimated to 

cycled temperatures reach CTMax levels indicative of the 

higher temperature (Feldmeth and Brown 1974; Heath et al. 

1993), thus the CTMax of sheepshead minnows measured here 

may not be the highest value attainable by this species. 

The responses of pupfishes, and fishes in general, to 

decreasing temperature are less well documented. Critical 

thermal minima for sheepshead minnows acclimated to 5.0 or 

38.0°C were 0.6 and 11.30C, respectively. These values were 

similar to cold tolerance estimates ranging from < 1 to 7°C 

of four Death Valley pupfish species collected from 

temperatures between 25 and 34°C (Brown and Feldmeth 1971; 

Hirshfield and Feldmeth 1980). Although the range of CTMin 

values were similar among these fishes, the response to 

acclimation temperatures are not. Sheepshead minnows 
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attained a lower overall CTMin, while desert pupfish reach 

lower CTMin at higher acclimation temperatures. 

Acclimation responses among these fishes may reflect 

differences between environmental thermal patterns. Both 

fishes inhabit environments where rapid, severe temperature 

fluctuations are common. Sheepshead minnows, however, are 

subjected to seasonal cold fronts that may freeze seawater, 

whereas, pupfish in desert environments experience larger 

daily fluctuations but less severe extremes (Brown and 

Feldmeth 1971; Naiman et al. 1973). Thus, each fish has 

evolved a thermal tolerance regimen that best suits its 

particular thermal environment. 

In addition to physiological adaptations, sheepshead 

minnows may use an unusual behavioral response to survive 

low thermal events in nature. As acclimation temperatures 

approached low lethal limits, minnows began to burrow into 

the bottom substrate. Burrowing has been reported in other 

Cyprinodontids in response to predation (Hirshfield and 

Feldmeth 1980) and in freshwater fishes trapped in lakes 

that freeze to the bottom (deVries 1971). These 

observations suggest that sheepshead minnows use this 

behavior to exploit warmer bottom sediments when water 

temperatures drop suddenly. Essentially, the response is a 

thigmothermic one, similar to that observed in terrestrial 

ectotherms. Thigmothermy probably allows sheepshead minnows 

to survive temporary exposure to temperatures in their 
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natural environment that are otherwise lethal. It is not 

known if sheepshead minnows utilize this behavior in nature 

during episodes of extreme low temperature, but it seems a 

likely possibility, in light of the fact that they use 

similar behavior to avoid being netted in an aquarium much 

as they avoid predators in nature. 

Sheepshead minnows survive prolonged exposure to a wide 

range of thermal conditions by virtue of their physiological 

thermal tolerance. In addition, their ability to withstand 

dynamic temperature changes protect them from short-term 

thermal extremes. High tolerance of dynamic and static 

thermal extremes, coupled with their behavioral 

thermoregulatory responses, allow sheepshead minnows to 

survive temperatures ranging from —1.9 to more than 44°C in 

their natural environment. These adaptations make the 

sheepshead minnow one of the most eurythermic of all known 

fishes and probably explain their ability to exploit extreme 

south Texas environments that are lethal to other species. 

Aspects of physiological thermal tolerance 

Although basic static methodology has remained 

virtually unchanged since its introduction, exposure times 

among experiments vary (Fry 1971). Comparisons of static 

tolerance among fishes, however, are often made irrespective 

of the plunge interval used (Brett 1956; Elliott 1991), 

suggesting that physiological tolerance is independent of 
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exposure time. This assumption was not verified by my time 

series experiments. Sheepshead minnows showed higher 

mortality at temperatures closer to acclimation levels as 

exposure time increased, resulting in less extreme ILT's and 

decreased physiological thermal tolerance zones. For 

example, fish acclimated at 30°C and plunged into 10°C 

showed no mortality after 12 h, 10% after 24 h and 50% after 

48 h of exposure, resulting in LILT's of 7.5, 8.8 and 

11.1°C, respectively. Consequently, the 12—h static thermal 

tolerance zone showed decreases of 10 and 20% as exposure 

times increased to 24 and 48 h (Figure 12). Clearly 

physiological thermal tolerance is not a fixed 

two-dimensional zone, but rather, a dynamic attribute 

inversely related to exposure time. It follows, therefore, 

that comparisons of zones of static thermal tolerance are 

only valid among experiments using the same plunge time 

interval. 

Fry (1947) defines the physiological thermal tolerance 

zone as "the zone in which the animal will never die from 

the effects of (temperature) alone". The inverse log-normal 

relationship of tolerance with exposure time seen in my 

data, however, argue that thermal mortality within the zone 

of tolerance may never completely diminish. For example, if 

the rate of tolerance zone depreciation seen here continued, 

sheepshead minnows would die from temperature effects for up 

to 1.5 y (at this time the zone of tolerance converges with 
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the thermal independent zone). Thus, a species' thermal 

tolerance zone at any given exposure time does not guarantee 

a thermal refuge where death is independent of temperature. 

Relative to Fry's original (1947) definition, a better 

estimate of survival may be provided by the thermal 

independent zone. This area represents the physiological 

thermal tolerance zone at infinite exposure time. In 

sheepshead minnows the zones of thermal independence at each 

exposure time comprised between 52 and 46% of the 

corresponding physiological thermal tolerance (Figures 13, 

14 and 15). The size of the zone of thermal independence 

with respect to the sheepshead minnows' zone of thermal 

tolerance, is similar to zones of growth reported for other 

teleosts (Elliott 1981). These comparisons suggest the 

possibility that zones of thermal independence may closely 

approximate zones of growth in fishes, however, conclusive 

evidence must be experimentally determined. 

The concept of ecological thermal tolerance 

Classically, static methods are used to define total 

physiological thermal tolerance relative to time, whereas, 

dynamic methods estimate ecological responses of fishes to 

specific time—temperature conditions. Static measures 

estimate physiological thermal tolerance polygon area, which 

is arguably, the single most useful measure of thermal 

tolerance among fishes. Unfortunately, these data are 
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expensive in terms of both time and resources. My static 

experiments, for example, required 800 fish and 18 

temperature controlled, aquaria. Regrettably, the choice of 

methodology is more likely determined by resource 

availability than experimental objectives. Recently, 

however, modified CTM values have been used to define the 

thermal tolerance polygons of salmonids (Elliott 1981; 

Elliott 1991). The experiments with sheepshead minnows 

offer a unique opportunity to compare thermal tolerance 

determined by these different methodologies. 

Experimental endpoints define the relationship between 

a thermal tolerance polygon and a fish's interaction with 

its thermal environment. Incipient lethal temperatures are 

determined by death, a physiological event (Becker and 

Genoway 1979; Paladino et al. 1980), thus, static thermal 

tolerance polygons describe the physiological thermal 

tolerance zone (Fry 1947). Critical thermal minima and 

maxima, on the other hand, are usually determined from LOE 

(Becker and Genoway 1979; Paladino et al. 1980), an 

ecological endpoint indicative of a fish's responses to 

changes in the natural environment (Bennett and Judd 1992a). 

It would follow, that dynamic tolerance polygons represent a 

fish's ecological thermal tolerance zone. Differences 

between CTM and ILT require that the ecological tolerance 

polygon assume characteristics quite different from its 

physiological counterpart. 
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The ecological thermal tolerance zone represents the 

thermal habitat fishes can occupy in nature, including 

temporary diurnal or meteorological thermal perturbations 

and limited excursions into temperatures that are otherwise 

lethal. At temperatures outside the zone, fish loose the 

ability to escape conditions that will promptly result in 

death, therefore, this zone lacks a time dependent zone of 

resistance seen in physiological measurements. Survival at 

the zone's extremes is determined by genetics (e.g., 

eurythermy or stenothermy), acclimation state, direction and 

magnitude of temperature change and availability of 

behavioral regulatory strategies. 

The ecological tolerance zone of the sheepshead minnow 

was larger than the 12—h physiological thermal tolerance 

zone (Figure 18). Broad ecological thermal tolerance limits 

may explain persistence of fishes in areas of their 

distribution where extreme thermal fluctuations routinely 

exceed the limits defined by physiological data. For 

example, cold fronts passing through south Texas may reduce 

water temperatures to lethal levels in a matter of hours. 

If these fronts occur early in the season when water 

temperatures are relatively warm sheepshead minnows trapped 

in shallow tide pools may temporarily encounter water 

temperatures that exceed limitations suggested by the 

physiological thermal tolerance polygon. The larger 



110 

O 

50 

40 

30 2 
3 

1 & 
E £ 

CO 
£ 10 
a> 

20 

Dynamic (1379°C2) 

Static (1461°C2) 

0 10 20 30 40 50 

Acclimation Temperature (°C) 

Figure 1 8 — Comparison of ecological (CTM) with 12—h 
physiological (ILT) thermal tolerance polygon for sheepshead 
minnow. 



Ill 

ecological tolerance polygon in this case is a better 

indicator of the fishes continued success in these areas. 

Comparisons of the ecological tolerance zone data of 

sheepshead minnow with those of two salmonids (Figure 19), 

reveal that the thermal tolerance zone of sheepshead minnows 

(1451°C2) was more than twice as large as either Atlantic 

salmon Salmo salar (708°C2; Elliott 1991) or brown trout 

Salmo trutta (583°C2; Elliott 1981). These data are not 

surprising, in fact, the outcome could have been predicted 

from habitat preferences or geographic distribution of these 

fishes alone. The merits of the comparison lie in the fact 

that it validates the ability of CTM data to accurately 

classify temperature tolerance between species relative to 

their thermal adaptations. While it is clear that 

ecological and physiological thermal tolerance values are 

not analogous, ecological thermal profiles can provide 

useful comparative measures of thermal tolerance among 

fishes as long as the limitations are recognized. 

Ecological and physiological thermal tolerance compatibility 

Both ILT and CTM quantify lethal effects on 50% of a 

population, yet the methods are known to yield different 

results for fish acclimated at similar conditions (Becker 

and Genoway 1979; Kilgour and McCauley 1986; Bennett and 

Judd 1992a). In my experiments, CTMax of sheepshead minnows 

were consistently higher than corresponding UILT estimates. 
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Presumably, rapid temperature changes during CTM experiments 

precluded manifestation of long-term lethal mechanisms (Fry 

1947; Fry 1971), although partial acclimation of fishes 

during the experiment cannot be excluded as a possible 

explanation (Elliott, 1981). Critical thermal minima also 

differed from corresponding LILT values, although the 

magnitude and direction varied with acclimation temperature 

and static exposure time. Discrepancy between measures has 

raised the question of which method best represents thermal 

tolerance of a species (Fry 1947; Elliott 1991). 

The effectiveness of the dynamic approach has been 

challenged by Fry (1971), who maintains that CTM values are 

tenable only within the limited ecological scope defined by 

the rate of experimental temperature change. In addition, 

resistance zones can not be estimated from dynamic data 

because time and temperature change simultaneously. Static 

data, he argues, not only define a fishes' total 

physiological thermal tolerance but can accurately predict 

lethal (CTM) temperatures under changing thermal regimens 

when the fishes previous thermal history is known. Although 

predicting dynamic responses from static data has been 

discussed at length, (Fry 1947; Brett 1956; Fry 1971; Becker 

and Genoway 1979; Kilgour and McCauley 1986), few data have 

been advanced to support the premise. 

Critical thermal maxima predicted from static data for 

sheepshead minnows were within 5% or less of the 
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experimentally determined values. The accuracy of the 

static predictions is remarkable considering the dissimilar 

endpoints and large range of acclimation temperature over 

which the estimates were made. 

Deviations between measured and predicted CTMin data 

became progressively greater as acclimation temperatures 

increased from 5 to 38°C. Relative differences between the 

values showed the same trend, with estimated CTMin values 

differing from measured CTMin by as much as 240%. These 

data show that the relationship between static and dynamic 

estimates of cold tolerance relative to acclimation 

temperature is non-linear. Since the model used to estimate 

thermal minima assumes linear mortality rates with respect 

to time (Fry 1947), it seems reasonable to conclude that the 

inability of static data to predict dynamic low temperature 

tolerance of sheepshead minnow was related to violation of 

this underlying assumption. 

Non-lineal, static low thermal tolerance responses have 

been observed in many fishes and are often attributed to 

differing mechanisms of death at cold temperatures (Brett 

1956; Fry 1971; Schmidt-Nielsen 1990). However, this 

phenomenon may also reflect low temperature affects on cell 

physiology and consequently, experimental endpoint. As 

temperatures decrease, cellular metabolism slows and longer 

exposure times are needed to elicit physiological responses 

such as death. Consequently, time becomes a major factor 
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affecting death at low temperatures. During ILT 

experiments, relatively short exposure times can depress 

LILT values in fish at low acclimation extremes, widening 

the physiological thermal tolerance zone (e.g., Figure 13). 

This phenomenon is apparent in the static sheepshead minnow 

data and apparently explains why static methods are poor 

predictors of CTMin in these fish. 

Unlike ILT, regressions of acclimation temperature on 

CTMin and CTMax show similar slopes suggesting that LOE at 

low temperature is dominated by acclimation state and not 

low temperature kinetics. Thus, the lower boundary of the 

ecological tolerance polygon is linear (Figure 16), whereas, 

the slope of the lower physiological tolerance boundary 

shifts as the major determining factor changes from 

acclimation temperature to exposure time (Figure 9). When 

the shift occurs, LILT's of fishes acclimated at 

temperatures near the lower limit, begin to approach and 

eventually fall below CTMin levels. This effect is evident 

in all comparisons between ecological and physiological 

tolerance polygons of sheepshead minnows, but becomes more 

pronounced as dynamic experimental times increase. In 

addition to hampering CTMin predictions from static data, 

this phenomenon probably explains why the largest changes in 

physiological thermal tolerance over time are seen at low 

acclimation and lethal temperatures. 
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Although it would be inappropriate to label one method 

superior to the other, the following fundamental principles 

are apparent from the comparisons of dynamic and static 

thermal tolerance in sheepshead minnows. 1) Static methods 

define the physiological tolerance zone and describe a 

species thermal requirements relative to long—term constant 

temperature exposures. 2) Physiological thermal tolerance 

is not fixed but varies inversely with exposure time. 3) 

Thermal mortality within the physiological zone of tolerance 

continues but the rate decreases geometrically with time. 

4) The zone of thermal independence represents the 

physiological zone of tolerance at an exposure time equal to 

infinity. 5) Static thermal data can accurately predict 

critical thermal maxima but are poor predictors of critical 

thermal minima. 6) Dynamic methods define the ecological 

tolerance zone and describe survival of both routine and 

short—term thermal extremes of fishes in their natural 

environment. 7) The ecological thermal tolerance zone is 

larger than the physiological thermal tolerance zone. 8) 

Ecological thermal tolerance area can provide useful indices 

of temperature tolerance so long as appropriate comparisons 

are made. 9) Experimental objectives should always decide 

the method; experimental methods should never decide the 

objectives. 
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Summary 

The sheepshead minnow has the largest zone of 

physiological (static) thermal tolerance ever measured in a 

fish. In addition, a large acclimation range allows this 

fish to attain (CTMin and CTMax) dynamic tolerance limits 

that virtually encompass the biokinetic zone for fishes. 

Indeed, higher CTMax values have been reported in only one 

other species (Cvprinodon artifrons: Heath et al. 1993). 

High physiological and ecological thermal tolerance coupled 

with a thigmothermic behavioral response to cold 

temperatures, allow sheepshead minnows to survive extreme 

thermal fluctuations experienced in south Texas tide pool 

env i ronment s. 

Dynamic and static estimates provide useful comparative 

indices of thermal tolerance among fishes. Both methods 

accurately quantify thermal responses and are capable of 

ordering fishes into various thermal classifications (e.g., 

eurythermic and stenothermic). In addition, both methods 

faithfully, albeit indirectly, reflect thermal habitat 

distributions of fishes. On the other hand, tolerance 

values from these different methods are not directly 

equivalent. Dynamic methods incorporate temperature rate 

effects, whereas, static methods quantify (and are sensitive 

to) exposure time relationships. Neither method considers 

adaptive behavioral responses of fish. Applicability of 

laboratory estimates of temperature tolerance can be 
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maximized when a method is selected based on the direction, 

predictability, magnitude, and duration of thermal changes 

seen in the fishes natural habitat. 



CHAPTER VI 

MECHANISMS GOVERNING THERMAL INTOLERANCE 

OF THE SHEEPSHEAD MINNOW 

Introduction 

Of the three major abiotic factors affecting tolerance 

of fishes (temperature, oxygen and salinity), temperature is 

the least well understood. Although, several hypotheses 

have been advanced to explain thermal susceptibility, the 

primary cause of thermal intolerance of fishes remains 

unknown (Doudoroff 1942; Brett 1970; Weatherley 1970; Fry 

1971; Prosser 1973; Ricklefs 1990; Schmidt-Nielsen 1990). 

The importance of thermal relationships between fishes and 

their habitat is punctuated by emerging concerns over 

potential effects of global climate changes on fish 

distribution, fish introductions into non—native ranges, 

increased fish culture efforts and biodiversity. A 

goal—oriented research agenda cannot be realized, however, 

without a clear understanding of the mechanisms responsible 

for thermal intolerance among fishes. 

No less than seven hypotheses have been proposed to 

account for thermal intolerance of fishes. Mechanisms 

associated with these hypotheses can be grouped into three 

119 
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fundamental types (Table 7), and each type discussed in 

terms of its affect on the organism. Associated metabolic 

affects include, physical damage to cellular components, 

disrupted uptake or exchange of dissolved oxygen or ions and 

temporary thermal inactivation of enzymes or associated 

metabolic pathways. These hypotheses originate from a 

variety of sources, thus a brief descriptive list is 

provided here. 

Table 7.- Proposed hypotheses explaining thermal intolerance 
of fishes. 

Hypothesis Mechanism 

IRREVERSIBLE CELL DAMAGE 

1. Freezing Ice crystal formation 

2. Thermal Coagulation Irreversible enzyme 
damage 

METABOLIC IMBALANCE 

3. Heat Anoxia Increased metabolism 
and reduced oxygen 
availability 

4. Cold Anoxia Inadequate gill 
ventilation 

5. Ion—osmoregulatory Altered membrane 
Failure permeability 

THERMAL MODIFICATION OF ENZYMES 

6. Enzyme Dysfunction Altered tertiary enzyme 
structure 

7. Q10 Imbalance Differing Ql0 responses 
among interacting 
metabolic pathways 
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Irreversible cell damage as a possible mechanism of thermal 

intolerance of fishes 

At temperatures near 47 °C enzymes become permanently 

irreparable in a process referred to as thermal coagulation 

(Giese 1962; Schmidt-Nielsen 1990). As a result of thermal 

coagulation, enzymes become ineffective, critical metabolic 

pathways collapse, and cells die. Although most data come 

from in vitro studies, thermal coagulation is often proposed 

as a possible mechanism of high temperature intolerance 

(Heilbrunn 1937; Giese 1962; Brock 1967; Prosser 1973; 

Schmidt-Nielsen 1990). At freezing temperatures formation 

of intracellular ice crystals can damage cell membranes and 

organelles, resulting in thermal susceptibility. Among 

fishes, however, incidence of freezing are limited to rare 

occasions when supercooled animals come into contact with 

ice (DeVries 1971; Prosser 1973). Apparently, freezing is 

uncommon among fishes, even when exposed to temperatures 

below the freezing point of plasma (Scholander et al. 1957; 

Umminger 1969). Nevertheless, widespread damage of cellular 

infrastructure associated with freezing is considered by 

some to be an important cause of thermal intolerance in 

fishes (Doudoroff 1942; Fry 1967; DeVries 1971; Prosser 

1973; Schmidt—Nielsen 1990). 
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Metabolic imbalance as a possible mechanism of thermal 

intolerance of fishes 

High temperature anoxia is believed to be a major cause 

of thermal intolerance of fishes (Belding 1928; Brett 1956; 

Alabaster and Welcomme 1962; Weatherley 1970; Weatherley 

1973; Schmidt-Nielsen 1990). As water temperatures 

increase, both oxygen tension and hemoglobin affinity are 

reduced, while oxygen consumption rates escalate. Fish may 

further exacerbate this problem by increasing ventilatory 

frequency to meet the increased oxygen demand. Thus, a 

fatal cycle is established between metabolic oxygen demand 

and decreasing oxygen availability that soon leads to death. 

Data supporting heat anoxia as a cause of thermal 

intolerance suggest that fishes exposed to hyperoxic 

conditions survive higher temperatures than normoxic fishes 

(Alabaster and Welcomme 1962; Weatherley 1970; Weatherley 

1973). 

Anoxia in fishes exposed to low temperatures may also 

be involved in thermal susceptibility (Weigmann 1936; 

Doudoroff 1942; Doudoroff 1945; Brett 1956; Pitkow 1960; Fry 

1967). Presumably, reduced opercular ventilation associated 

with decreasing temperatures results in inadequate gill 

ventilation leading to tissue/cell anoxia and ultimately 

death. This condition is especially striking in fishes 

plunged into low temperatures and has been given the term 

"primary chill coma" (Doudoroff 1942; Pitkow 1960). 
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Another proposed mechanism of thermal intolerance of 

fish associated with metabolic imbalance is the 

ion-osmoregulatory failure hypothesis (Heilbrunn 1937; 

Doudoroff 1942; Doudoroff 1945; Hoar and Cottle 1952; Brett 

1956; Giese 1962; Fry 1967; Prosser 1973; Schmidt-Nielsen 

1990). Presumably, extreme temperatures disrupt the balance 

between normal kinetic motion and chemical bond attraction, 

causing membrane phospholipid configurations to shift from 

solid to liquid or liquid to solid (Hoar and Cottle 1952; 

Prosser 1973; Ricklef 1990; Schmidt-Nielsen 1990; Scarlata 

and Rosenberg 1990). Consequently, thermal intolerance 

follows from uncontrolled shifts of ion or water exchange 

rates between fishes and their environment. This hypothesis 

is supported by experiments that show fishes are most 

resistant to lethal temperatures when ambient salinity is 

near isotonic conditions (e.g., Doudoroff 1945; Arai et al. 

1963; Craigie 1963; Strawn and Dunn 1967; Stauffer et al. 

1984). 

Thermal modification of enzymes as a possible mechanism of 

thermal intolerance of fishes 

Hypotheses addressing breakdown of intracellular enzyme 

function have also been considered as causes of thermal 

intolerance among fishes (Giese 1962; Prosser 1973). The 

enzyme dysfunction hypothesis argues that thermal 

intolerance results from transient tertiary changes in 

enzyme structure. As temperature deviates from optimum, 
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shifts among amino acid groups break weak bonds and force 

enzymes into different tertiary arrangements (Giese 1962). 

These changes in turn cause one or more key enzymes to fail, 

and thermal intolerance ensues. 

A related hypothesis attributes thermal intolerance to 

loss of entire physiological systems or biochemical pathways 

(Prosser 1973; Schmidt-Nielsen 1990). The response of a 

system to changes in temperature is quantified by the Qi0, 

i.e., temperature coefficient. The Q10, however, is not 

constant in biological systems but varies between 

approximately 1 and 4, depending on the system involved and 

range of temperatures tested (Giese 1962). The Q10 

imbalance hypothesis argues that thermal intolerance occurs 

when changing temperatures provoke differing Q10 responses 

among interacting metabolic pathways causing a breakdown in 

one or more critical processes. 

Although the enzyme dysfunction hypotheses are not 

mutually exclusive, they do share a common element in that 

tertiary structural changes of enzymes are involved. 

Consequently, Q10 imbalances could be considered an outcome 

of changing tertiary enzyme structure and not an independent 

effect. Although the failure of a single enzyme versus the 

collapse of an entire metabolic pathway may merit some 

debate at the molecular level, these processes are probably 

identical in all measurable contexts in whole organisms 

(e.g., loss of equilibrium, muscle spasms or death). 
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Schmidt—Nielsen (1990) considers altered tertiary 

enzyme structure to be the most plausible explanation of 

thermal intolerance, based on the information at hand. 

However, this hypothesis is difficult to test at an 

organismal level; consequently, experimental support is 

lacking. Most direct evidence comes from molecular or 

cellular research (Brandts 1967). For example, measurements 

of volume changes in protein solutions have demonstrated 

that pressure can offset tertiary thermal changes (Giese 

1962; Brandts 1967). Furthermore, subjecting bacteria to 

extreme pressure allows them to survive high temperatures 

that are otherwise lethal (Giese 1962; Miller et al. 1988; 

Metrick 1989; Nelson et al. 1991). 

Indirect evidence linking temperature and pressure 

effects in fishes can be seen in the similar responses of 

teleost eggs to pressure and temperature extremes (e.g., 

Hussain et al. 1991) and reports of fishes associated with 

high temperature deep-sea hydrothermal vent fields (Dahlhoff 

1990). In controlled experiments relating pressure to 

thermal tolerance in fishes, Weatherley (1970) showed that 

high temperature tolerance of goldfish Carassius auratus 

could be increased slightly at pressures of 30 atmospheres. 

Interestingly, these experiments also provide indirect 

evidence of remediatory pressure effects as they were 

designed to evaluate heat anoxia. 
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Because no single mechanism appears to explain varied 

results seen among thermal tolerance experiments, many 

investigators concede that thermal intolerance is the result 

of multiple mechanisms and not a singular causative factor 

(Brett 1956; Prosser 1973; Fry 1967; Schmidt-Nielsen 1990). 

Prosser's (1973) statement that causes of death at either 

high or low temperatures are "certainly multiple" reflects a 

line of reasoning that has persisted essentially 

unchallenged for 50 years. The multiple mechanism paradigm 

of thermal intolerance is widely sanctioned, consequently, 

its become routine to cite hypotheses that agree with 

experimental results rather than apply results to test 

thermal hypotheses. 

Difficulties associated with testing or comparing 

hypotheses may explain, in part, why a unified concept of 

thermal intolerance has not emerged. For example, effects 

proposed by various hypotheses are interrelated and not 

mutually exclusive. Thus, any attempt to resolve the 

primary cause of thermal intolerance by testing a single 

hypothesis has little chance of success. In addition, 

thermal intolerance hypotheses have not been tested at the 

same level of biological organization. Complexities 

associated with functional integration cannot be anticipated 

when results from one organizational level are extrapolated 

to another. For example, molecular responses of various 
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isolated organic compounds to high or low temperature may 

not predict responses at the whole animal level. 

The inability of most experiments to discriminate 

between causative (primary) and influencing (secondary) 

factors, may also be responsible for reinforcing the 

multiple mechanism view of thermal intolerance. For 

example, fishes exposed to chemical stressors often show 

reductions in heat (Wedemeyer and McLeay 1981; Beitinger and 

McCauley 1990) or cold tolerance (Heath et al. 1994). These 

responses do not implicate the chemical as a primary cause, 

but rather, quantify its influence as it relates to thermal 

tolerance. Similarly, increased thermal sensitivity of 

fishes exposed to variable levels of abiotic factors may 

reflect increased stress as tolerance limits are approached 

and not the presence of a primary thermal tolerance 

mechanism. 

The concept that certain abiotic parameters may 

influence, but not govern, thermal susceptibility of fishes 

is not new. In his now classic treatise on environmental 

factors and animal activity, Fry (1947) suggests that some 

abiotic factors can impose a metabolic load that interacts 

with causative mechanisms to reduce thermal tolerance in 

fishes. Fry refers to these as "associated factors" 

(although I adopt the terms secondary or influencing factors 

as they are more descriptive of actual effects). With the 

notable exception of responses to chemical exposure, the 
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role of influencing factors in thermal tolerance has 

received little attention since Fry's original review 

(Weatherley 1970). 

By definition an influencing factor cannot impart a 

negative metabolic load, i.e., thermal tolerance is 

inversely related to the effects of an influencing factor. 

Therefore, increasing levels of a secondary factor can 

induce either a neutral or deleterious response in thermal 

tolerance. In contrast, a primary factor can be manipulated 

to increase, as well as decrease (or have no effect on), 

thermal tolerance. Because fish differ in their tolerance 

of abiotic conditions, it would follow, that similar levels 

of a secondary factor will produce varying degrees of 

response between species. Differing thermal tolerance 

response patterns within and among fishes exposed to various 

abiotic factors could potentially be used to isolate primary 

from secondary factors of thermal intolerance. 

Clearly, a detailed understanding of thermal 

intolerance among fishes will require a comprehensive 

experiment-based reevaluation of current thermal intolerance 

hypotheses. In the following investigation, I undertake a 

series of experiments to determine the causative mechanisms 

of thermal intolerance of the sheepshead minnow Cyprinodon 

variegatus. This research is directed at testing all 

hypotheses at the same organizational level with a high 
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discriminatory fidelity between causative and influencing 

factors. 

The sheepshead minnow is common to shallow fresh and 

saltwater habitats along the Texas Gulf Coast. Previous 

experiments (Chapter III and Chapter IV) have demonstrated 

the eurythermous and euryoxic nature of this species. In 

addition, the sheepshead minnow is known to tolerate ambient 

salinities up to 142%o• making it one of the most salt 

tolerant of all known fishes (Nordlie 1985). By using a 

fish with high tolerance for these environmental factors, 

stress related effects were minimized during experiments. 

Critical thermal minima (CTMin) and maxima (CTMax) were 

used during these experiments to estimate high and low 

temperature tolerance in groups of fish subjected to various 

regimens of acclimation temperature, oxygen, salinity and 

pressure. Thermal tolerance patterns were then evaluated to 

classify factors as either causative or influencing and the 

results interpreted with respect to current hypotheses of 

thermal intolerance. 

Methods 

Capture and maintenance of fish 

Sheepshead minnows used during the oxygen, salinity and 

pressure experiments were collected during February 1993 (n 

= 820). Fish ranged in size from 1.7 to 4.3 cm (mean = 2.8; 

SD = 0.55 cm) and weighed between 0.15 and 4.20 g (mean = 
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1.05; SD = 0.628 g). Effects of acclimation temperature on 

CTM were evaluated using sheepshead minnows collected during 

September, 1993 (n =140). Lengths of these fish ranged from 

1.8 to 4.1 cm (mean = 2.9; SD = 0.56 cm) with weights from 

0.25 to 4.2 g (mean = 1.24; SD = 0.679 g). All fish were 

collected with a 10—m bag seine from south Texas tidal pools 

in the Laguna Madre, approximately 1.3 Km north of 

Brazos-Santiago pass, Cameron county, Texas. 

Sheepshead minnows were dipped for 1 h in 250 ppm 

formalin/saltwater solution in the field. Fish were then 

taken to The University of Texas—Pan American, Coastal 

Studies Laboratory where they were transferred to 2000—L 

tanks and prophylactically treated with 5 g«L"* of 

oxytetracycline for 5 d. Fish were held in filtered 

seawater during the treatment period. 

Following treatment, sheepshead minnows were 

transported to the University of North Texas and transferred 

into either 120- or 400—L glass aquaria. Biological 

filtration was used in all aquaria and fish densities never 

exceeded 1 fish per 2 L. Nitrate levels were kept to less 

than 40 mg^L"1 by protein fractionation and bi-monthly, 20% 

water exchanges. Fish were fed Tetramin conditioning food 

daily during holding and acclimation periods. Food was 

withheld 24 h prior to and during experimental trials. 

Fish were maintained in the laboratory at 21.0 ± 0.3°C, 

pH from 7.8 to 8.3, salinity of 35 ± 3 % 0 and a 12:12 
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light-dark photoperiod for a minimum of 30 d prior to 

acclimation and experimentation. Saltwater for all 

acclimation and experimental regimens was reconstituted 

using distilled water and Fritz Super Salt Concentrate*. 

Dissolved oxygen levels were maintained at or near full 

saturation by vigorously aerating aquaria. 

Determination of CTM 

Critical thermal minima and maxima were determined in a 

similar manner for all experiments. For each trial, ten 

sheepshead minnows were randomly selected from the 

appropriate acclimation group and placed one each, into 

transparent poly vinyl chloride (Excellon-R-4000®) cylinders 

(L = 20 cm; ID = 5.5 cm). Cylinders contained 0.5 L of 

newly made synthetic saltwater with a salinity, pH and 

temperature similar to acclimation parameters. Cylinders 

were then submersed into a temperature controlled 190-L 

glass CTM chamber. Water was continually mixed during 

trials (except during pressure trials) by bubbling gas of 

the appropriate oxygen concentration through each cylinder. 

Water in the CTM chamber was cooled by a Blue—M 

constant flow, portable cooling coil. Three Haake 

recirculating thermoregulators were used to circulate (but 

not heat) test chamber water across the coil to promote 

uniform cooling of cylinders and impede coil icing. During 

CTMax trials, water temperatures in the test chamber were 
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increased by activating the heating element of one or more 

thermoregulators. Cylinder water temperatures were reduced 

or increased during CTM experiments at a rate of 0.1 ± 

0.01°C«min~l by maintaining a constant 0.7°C temperature 

gradient between the CTM chamber and the cylinders. This 

rate has been shown to meet the CTMin criteria for fish 

within the general size range used in experiments (Becker 

and Genoway 1979). 

Loss of equilibrium (LOE) was the experimental endpoint 

during CTM trials. Loss of equilibrium was defined as 

failure of a fish to maintain dorso-ventral orientation for 

at least one minute. This endpoint was objective and easy 

to identify. As LOE was observed, cylinder water 

temperature was measured with a calibrated mercury 

thermometer to within 0.1°C. The fish was then removed from 

the cylinder, weighed (± 0.5 g), measured (standard length ± 

0.1 cm) and returned to acclimation temperatures to assess 

survival. Temperature changes continued until LOE was 

observed in all fish. Critical thermal minima and maxima of 

sheepshead minnows were estimated for each acclimation 

temperature as the arithmetic mean temperature at which LOE 

was observed (Cox 1974). 

Acclimation temperature and CTM experiments 

Critical thermal minima and maxima were determined for 

20 sheepshead minnows acclimated to 5.0, 21 or 38.0°C. Fish 
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were acclimated in three 190—L glass aquaria. Water 

temperatures in two of the aquaria were gradually decreased 

or increased l°C«d"1 until acclimation temperatures of 5.0 

or 38.0 ± 0.3°C were reached. High acclimation temperatures 

(38°C) were achieved and maintained with a Haake 

thermoregulator, whereas, cold acclimation temperatures 

(5°C) were maintained by a Haake thermoregulator used in 

combination with a Varian Aerograph submersible cooling 

coil. Fish in the third group were acclimated to ambient 

laboratory temperatures (21°C ± 0.3). 

All fish were held for a minimum of 30 d after 

acclimation temperatures were reached prior to CTM trials. 

Estimates of CTMin and CTMax for fish acclimated to 5.0 and 

38.0°C were determined from 2 replicates of 10 fish each. 

Three replicates of 10 fish were used to estimate CTMin and 

CTMax at an acclimation temperature of 21.0 ± 0.5°C. 

It was assumed that a 30—d holding period was adequate 

to assure complete thermal acclimation of fish prior to CTM 

trials. Although thermal acclimation rates of sheepshead 

minnows are unknown, other cyprinodontids acclimate to high 

temperatures within 3 d (Lowe and Heath 1969; Chung 1981; 

Heath et al. 1993). Some marine fishes achieve complete low 

temperature acclimation in 5 to 15 d (e.g., Doudoroff 1945; 

Brewer 1976; Bennett and Judd 1992b), and acclimation to 

high or low temperatures are probably complete in most 

fishes by 20 d (Brett 1956; Schmidt—Nielsen 1990). 
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Oxygen and CTM experiments 

Relationships between dissolved oxygen and thermal 

intolerance were evaluated by estimating CTMin or CTMax from 

3 replicates of ten sheepshead minnows subjected to hyper—, 

hypo— or normoxic conditions. Fish used in these trials had 

a mean weight of 0.90 g (SD = 0.483) and mean standard 

length of 2.7 cm (SD = 0.48). Oxygen concentrations in test 

cylinders were generated by diffusing 100, 21 or 5% oxygen 

from a compressed gas tank through CTM test cylinders for 

the duration of each trial. Nitrogen comprised the balance 

of the 5 and 21% oxygen mixtures. 

For these experiments, test cylinders were sealed with 

threaded PVC end caps to prevent influx of atmospheric 

oxygen. Aquarium tubing passing through the cap was used to 

aerate water in each test cylinder with the appropriate gas 

mixture. Water was aerated for a minimum of 1 h prior to 

introducing fish. A length of aquarium tubing fitted with a 

3-way stopcock passed through a second cap aperture so that 

water from each test cylinder could be removed for dissolved 

oxygen estimates without removing the cap. Excess gas was 

vented through a third opening. Caps were removed only to 

add fish, measure LOE temperature and remove fish. 

Dissolved oxygen was estimated from Winkler titration 

(Cox 1990) of water samples taken when the first, sixth and 

last fish in each trial lost equilibrium. Replicate values 

within each experimental oxygen treatment group were 
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combined to determine mean endpoint dissolved oxygen 

concentrations for each CTMin or CTMax experiment. 

Salinity and CTM experiments 

After the initial 30-d acclimation to laboratory 

conditions, groups of 20 sheepshead minnows used in salinity 

CTM trials were transferred to 40—L glass aquaria for a 

second salinity acclimation. In total, 380 fish with a mean 

weight of 1.11 g (SD = 0.645) and mean standard length of 

2.8 cm (SD = 0.56) were used. Ambient salinity in 

acclimation aquaria were increased or decreased from 35% 0 

by no more than 10% o every two weeks until salinities of 5, 

10, 15, 25, 35, 45 or 140 ± 2%o were reached. 

Ambient salinities between 0 and 40%o were measured 

directly using a Yellow Springs Instrument Inc., model 33, 

S—C—T meter. Above 40%o» samples were diluted with 

distilled water and initial ambient salinity determined as 

the product of the meter reading x the dilution factor. All 

salinity values were independently corroborated from 

specific gravity measured with a Fritz saltwater hydrometer. 

Ambient salinity was measured, and adjusted if necessary, at 

least every 3 d during holding and acclimation periods. 

After reaching final salinity levels, fish were held 

for an additional two weeks prior to CTM trials. This 

period was selected because ion—osmoregulatory adjustments 

of sheepshead minnow to changes in ambient salinity have 
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been shown to be complete within two weeks (Nordlie 1985). 

Critical thermal minima and maxima of sheepshead minnow were 

determined from 2 replicates of 10 fish acclimated to 

ambient salinities of 10 or 140%o » an<* from 3 replicates of 

10 fish for all other salinity levels. 

Pressure and CTM experiments 

Effects of pressure on dynamic thermal tolerance of 

sheepshead minnows were evaluated by determining CTMin and 

CTMax at 1.0, 7.8 and 35.0 atmospheres of pressure (atm). 

At pressures of 1.0 and 7.8 atm, CTM trials were conducted 

using the CTM cylinder array previously described. Cylinders 

were capped with PVC threaded fittings to allow the addition 

and removal of fish and water. The cylinder array was 

connected in series to a compressed air tank by a double 

stage regulator with which internal cylinder pressure was 

controlled to ± 0.3 atm. 

A second pressure apparatus was designed to evaluate 

CTM at 35.0 atm when it became apparent that the schedule 40 

PVC couplings of the multiple cylinder array failed at 

pressures greater than 10 atm. The new device consisted of 

a single 50—cm length of Excellon-R-4000® tubing and two 

solid aluminum end pieces (8.0x8.0x2.5 cm). A 1.5—cm deep 

groove matching the diameter and wall thickness of the PVC 

tube was machined into each end piece and a 0.2 cm neoprene 

O-ring placed into each groove. End pieces were connected 
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by 57-cm threaded rods passing through holes drilled in 

corners of both. The apparatus was sealed by fitting the 

PVC cylinder into the end piece groves and compressing the 

O-rings between the end pieces and the tube by tightening 

nuts onto the threaded rods at 200 inch/pounds. A removable 

plastic screen divider was used to separate fish in the 

pressure cylinder during CTM trials. 

For trials at 7.8 and 35.0 atm, fish were pressurized 

at a rate of 0.5 atm^min"1 until the desired pressure was 

achieved. Fish were then allowed to adjust to final 

pressure conditions for 1 h prior to experimentation. 

Pressurized cylinders were then placed into the CTM chamber 

and CTMin or CTMax trials begun. A calibrated mercury 

thermometer located inside each cylinder was used to measure 

LOE temperatures (± 0.1°C) for each fish. Unlike the 

experiments with acclimation temperature, oxygen and 

salinity, air could not be bubbled through the sealed 

pressure cylinders. Estimates of CTM were made using 2 

replicates of 10 fish each at pressures of 35.0 atm, and 3 

replicates of 10 for fish at 1.0 and 7.8 atm of pressure. 

Statistical analyses 

Statistical comparisons were made by one—way analysis 

of variance (ANOVA) of CTMin and CTMax estimates at various 

levels of temperature, oxygen, ambient salinity, or 

pressure. If statistical differences were found, a 
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Student-Newman-Keuls multiple range test (SNK MRT) was used 

to determine relationships among means. Both one-way ANOVA 

with SNK MRTs and independent t—tests were used to 

statistically compare differences between standard length or 

weight among fish groups. Simple linear regression (SLR) 

was used to explore possible relationships between size of 

fish and the temperatures at which LOE was observed and to 

evaluate CTM response to acclimation temperature. All 

statistical decisions were based on a = 0.01. 

Results 

Effects of fish size on CTM 

Differences between mean standard length of fish 

captured during February 1993 (2.9 ± 0.56 cm) and those 

collected during September 1993 (2.8 + 0.55 cm) were not 

significantly different (independent t-test; t = -2.37; df = 

958; P = 0.018). Mean weights of 1.24 ± 0.679 and 1.05 ± 

0.628 g determined for respective groups, however, were 

significantly different (independent t-test; t = -3.20; df = 

958; P = 0.0014). Significant differences in size (weight 

or standard length) were also seen between fish used in 

oxygen experiments and other experiment types (ANOVA for 

length; F = 8.13; df = 3, 956; P = 0.0065), as well as, 

among fish groups used in dynamic temperature experiments 

(ANOVA for weight; F = 6.53; df = 5, 134; P < 0.001). 



139 

The observed variations in fish size were probably 

related to differential growth of fish held at various 

acclimation regimens. However, SLR analysis showed that 

relationships between standard length or weight and 

temperature at which LOE was observed were not significant 

among any fish group (SLR; R2 = 0.00001 to 0.1945; P = 0.980 

to 0.015, respectively). It was concluded from the 

analyses, that the size range of fish in these experiments 

did not affect the ability of fish to tolerate extreme 

temperatures. 

Effects of acclimation temperature on CTM 

Sheepshead minnows acclimated to 35% 0
 an<* temperatures 

of 5, 21, or 38°C had CTMax values of 34.6, 40.1 and 44.2°C 

and CTMin values of 0.6, 6.9 and 11.3°C, respectively (Table 

8). Predictably, CTMin and CTMax were directly proportional 

to acclimation temperatures. Regressions of CTMin and CTMax 

on acclimation temperature showed the relationship to be 

highly significant (SLR; df = 5; P < 0.001; R2 = 0.987 and 

0.996, respectively). The regression slope indicates that 

on the average, sheepshead minnow increased CTMax by 0.29°C 

for every 1°C increase in acclimation temperature and 

decreased CTMin by 0.33°C for every 1°C drop in acclimation 

temperature. The maximum attainable thermal tolerance 

scope, i.e., CTMin — CTMax, for sheepshead minnows tinder 

experimental conditions was 43.6°C. 
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Table 8.— Critical thermal minima and maxima of sheepshead 
minnow tested at various levels of acclimation temperature 
(°C), oxygen (% saturation), ambient salinity 
(parts—per-thousand) and pressure (atmospheres). 

Treatment 
Group n 

CTMinima (°C) 

Mean SD 

CTMaxima (°C) 

Mean SD 

5°C 

21 °C 

38°C 

20 

30 

20 

TEMPERATURE 

0.6 1.31 

6.9 1.97 

11.3 0.52 

34.6 

40.1 

44.2 

1.95 

0.90 

0.29 

5% 

21% 

100% 

30 

30 

30 

OXYGEN 

4.9 2.86 

6.6 2.03 

5.4 2.34 

36.0 

40.1 

40.6 

2.24 

0.90 

0.71 

5%o 

io%o 

15%o 

25%o 

35 %o 

45%o 

1407oo 

20 

20 

30 

30 

30 

30 

20 

SALINITY 

5.2 2.69 

5.2 1.12 

5.9 2.24 

5.4 1.98 

6.6 2.03 

5.6 2.29 

7.4 3.60 

39.8 

39.3 

39.8 

39.8 

40.1 

39.9 

37.0 

1.00 

0 .82 

0 .82 

0 .82 

0.90 

0.83 

2.25 

1 atm 

8 atm 

35 atm 

30 

30 

20 

PRESSURE 

2 . 6 1 .21 

1.9 0.64 

5.1 2.30 

40.1 

39.7 

41.3 

0.90 

0.85 

1.18 
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Effects of oxygen concentration on CTM 

Dynamic cold tolerance of sheepshead minnows acclimated 

to 21"C and 35%o showed no clear relationship with 

dissolved oxygen. Critical thermal minima were 4.9, 6.6 and 

5.4°C for fish tested in water aerated with 5, 21 or 100% 

oxygen (Table 8). The CTMin values coincided with mean 

dissolved oxygen concentrations (± SD) of 2.7 ± 0.28, 12.5 ± 

0.27 and 30.7 ± 2.30 rag Oa-L"1, respectively. The observed 

differences in CTMin of sheepshead minnows with respect to 

dissolved oxygen concentration were not statistically 

significant (ANOVA; F = 3.73; df = 2, 87; P = 0.028;). 

Conversely, sheepshead minnows acclimated to 21°C and 

35%o, showed highly significant differences among CTMax 

values when water was aerated with oxygen concentrations of 

5, 21 or 100% (ANOVA; F = 89.6; df = 2, 87; P = 0.0001; 

Table 8). Mean oxygen concentrations over which LOE 

occurred for the respective CTMax groups were 1.0 ± 0.12, 

6.7 ± 0.76 and 19.2 ± 0.91 mg 02*L
_1. The CTMax was 

significantly lower for fish tested in water aerated with 5% 

oxygen relative to the other two groups, however, increasing 

the partial pressure of oxygen in the aeration source from 

21 to 100% did not significantly improve CTMax (SNK MRT a = 

0.01; Table 8). 
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Effects of ambient salinity on CTM 

Respective CTMin and CTMax of sheepshead minnows 

acclimated to 21°C and ambient salinities between 5 and 

140%o ranged from 5.2 to 6.6°C and 37.0 to 40.1°C (Table 

8). Although CTMin data showed no significant differences 

among the salinity levels tested (ANOVA; F = 2.93; df = 6, 

183; P = 0.095), CTMax was significantly affected by ambient 

salinity (ANOVA; F = 21.08; df = 6, 183; P < 0.0001). Fish 

acclimated to salinity levels between 5 and 45%o showed no 

significant difference in CTMax (SNK MRT; a = 0.01). 

Sheepshead minnows acclimated to 140%o» however, 

demonstrated a highly significant decrease (at least 2.3°C) 

in heat tolerance relative to all other acclimation groups 

(SNK MRT; a = 0.01; Table 8). 

Effects of pressure on CTM 

No significant differences were apparent among CTMin or 

CTMax estimates for fishes tested at 1.0 and 7.8 atm of 

pressure (SNK MRT; a = 0.01). When ambient pressure was 

increased to 35.0 atm, however, antithetical thermal 

responses were induced (Table 8). Dynamic cold tolerance 

showed a significant decrease of 3°C, i.e., CTMin increased 

by 3°C (ANOVA; F = 50.92; df = 2, 77; P < 0.0001), whereas, 

heat tolerance increased by, at least, 1.4°C. This increase 

is highly significant (ANOVA; F = 31.56; df = 2, 77; P < 

0.0001). 
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Discussion 

Physical damage of cellular structures 

Among fishes, life is constrained to a narrow range of 

temperature, i.e., biokinetic range, between freezing 

seawater (-1.9°C) and heat coagulation of proteins (~47°C). 

Outside of the biokinetic range, protein coagulation and 

intracellular ice formation are possible causes of thermal 

intolerance of fishes. The potential for both mechanisms to 

disrupt normal cellular activity is obvious. Experimental 

results, however, argue that neither freezing nor thermal 

coagulation contribute to thermal intolerance of the 

sheepshead minnow. 

Dynamic temperature tolerance of sheepshead minnows 

acclimated to 5 or 38°C, attained a maximum ecological 

thermal tolerance range between 0.6 and 44.2°C. Indirectly, 

the compensatory CTM shifts observed in response to 

acclimation temperature suggest that thermal intolerance is 

not a fixed physical characteristic, but rather, is related 

to a physiological cause. Stronger direct evidence is 

provided by comparisons of thermal intolerance of fish with 

the biokinetic extremes. 

Fish acclimated at 5°C were vulnerable to temperatures 

1.3°C above the lower biokinetic limit, whereas, 38°C 

acclimated fish lost equilibrium 2.8°C below temperatures 

that permanently destroy proteins. These data demonstrate 

that sheepshead minnows suffered adverse thermal effects 
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before biokinetic limits were reached even when acclimated 

to near their ultimate upper incipient lethal temperature 

(Figure 20). 

When responses at one temperature extreme are evaluated 

in fish acclimated to the opposite thermal limit, the 

physical destruction hypothesis becomes untenable. 

Obviously, sheepshead minnows acclimated to 38°C could not 

experience intracellular freezing at 11.3°C, and it is 

unlikely that protein coagulation commenced at 34.6°C in 

fish acclimated to 5°C. In sheepshead minnows, it is 

apparent that destructive physical processes are not a cause 

of thermal intolerance. Furthermore, because no fish has 

yet been shown to have a CTMax greater than 45.5°C 

(Cvprinodon artifrons: Heath et al. 1993), and freezing 

appears limited to a few species under unusual conditions 

(DeVries 1971), these conclusions may pertain to other 

fishes as well. 

Oxygen/ionic metabolic imbalances 

Heat tolerance of sheepshead minnow was significantly 

reduced at mean oxygen concentrations of 1.0 mg»L~l. 

Conversely, mean oxygen levels of 2.7 mg«L"1 were not low 

enough to impair aerobic metabolism at low temperatures, and 

thus, did not significantly affect CTMin (Figure 21). These 

responses likely reflect temperature dependent changes in 

respiratory physiology and oxygen solubility. For example, 
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Figure 2 0 — Comparison of the biokinetic zone with CTMin and 
CTMax values of sheepshead minnows acclimated at an ambient 
salinity of 35*» and temperatures of 38 (n = 20), 21 (n = 30) 
or 5°C (n = 20). 
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Figure 21.— Critical thermal minima and maxima of sheepshead 
minnows acclimated to 21°C and tested under hyper— hypo— and 
normoxic conditions (n = 30 all points). Vertical bars = 
95% CI; horizontal bars = 1 SD; * = significantly different 
at a = 0.01. 
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increased metabolism and decreased oxygen uptake probably 

explain the 4°C drop in heat tolerance observed at hypoxic 

oxygen levels; whereas, the constant CTMin at hypoxic levels 

probably reflects low metabolic demand and increased 

hemoglobin affinity. Presumably, further decreases in 

oxygen tension could provoke significant loss of cold 

tolerance, but these levels were not achieved by aeration 

with 5% oxygen. 

While hypoxia significantly reduced CTMax of sheepshead 

minnow, increasing mean oxygen content of water beyond 

ambient levels by 185% (19.2 mg^L"1) during high temperature 

trials and 146% (30.7) during low temperature trials failed 

to statistically enhance either CTMin or CTMax. These 

results combined with the low oxygen data show that while 

hypoxic conditions may limit thermal tolerance, hyperoxia 

will not enhance it. It is clear from these data, that the 

effect of anoxia on thermal tolerance of sheepshead minnows 

is incidental rather than causative. Similar CTMax 

responses have been reported among closely related cyprinids 

and a fundulid (Rutledge and Beitinger 1989) suggesting that 

oxygen may be an influencing factor for other fishes as 

well. 

Sheepshead minnows are highly tolerant of hypoxic 

conditions and can withstand oxygen levels as low as 0.22 

mg^lf1 at 21°C (Chapter III). Therefore, it is not 

surprising that these fish showed no significant changes in 
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CTMin at oxygen levels near 3 ingulf1 and only moderate drops 

in CTMax at oxygen concentrations of 1.0 mg^L"1. Less 

oxygen—tolerant fishes, however, likely become stressed 

during CTM determinations at relatively high oxygen 

concentrations. Critical thermal maxima in these fishes may 

appear to increase beyond control levels if experimental 

oxygen concentrations are increased. Although oxygen no 

doubt modifies thermal tolerance of all fishes, results from 

more oxygen sensitive species probably exaggerate the 

fundamental role of oxygen as a cause of thermal 

intolerance. 

Sheepshead minnows are one of the most euryhaline 

fishes known (Nordlie 1985). From ambient salinities of 0 

to approximately 70% o the fish maintains an osmolarity of 

about 330 Mosm«Kg_1 or about 10%o • Beyond this upper limit, 

ion excretion no longer keeps pace with influx and plasma 

osmotic concentrations begin to conform to ambient salinity 

(Figure 22). Sheepshead minnows apparently tolerate these 

changes in osmolality as natural populations have been 

reported at salinities in excess of 142%o (Simpson and 

Gunter 1956). If ion-osmoregulatory failure were the 

primary cause of thermal intolerance in this species, 

thermal tolerance should be maximized when plasma osmotic 

concentrations equal ambient salinity. 

Sheepshead minnows showed no significant changes in 

either CTMin or CTMax estimates at ambient salinity levels 
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Figure 22.- Response of plasma osmotic concentration of 
sheepshead minnow to increasing ambient salinity. Source: 
F. G. Nordlie. 1985. Journal of Fish Biology 26:161-170, 
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between 5 and 45<yo<> Furthermore, fish acclimated to 

isosmotic conditions (10% o) failed to demonstrate 

significant improvement in either heat or cold tolerance. 

In fact, CTMax showed a slight decrease from values at other 

salinities (except 140% o). It is apparent from these data 

that isosmotic ambient salinity levels did not increase 

thermal tolerance of sheepshead minnows; therefore, it is 

unlikely that metabolic ion—osmoregulatory failure is a 

primary mechanism of thermal intolerance in this species. 

Strawn and Dunn (1967) suggest that sheepshead minnows, 

like many other fishes (e.g., see Doudoroff 1945; Craigie 

1963), survive lethal temperatures longer at isosmotic 

conditions. The apparent discrepancies between my data and 

those presented by Strawn and Dunn are attributable to 

inherent experimental differences. Strawn and Dunn (1967) 

measured survival over time, (i.e., resistance) at a 

constant temperature. My experiments measured survival 

against changing temperature (i.e., tolerance) at a constant 

salinity. The major difference is that thermal resistance 

is sensitive to the metabolic load imposed by salinity, 

whereas, thermal tolerance is independent of salinity 

effects until temperature—salinity interactions become 

detrimental. Therefore, while Strawn and Dunn's (1967) data 

show that salinity will impose a metabolic load on 

sheepshead minnows, they do not mandate that ambient 

salinity be the causative factor of thermal intolerance. 
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These data do, however, imply that extreme ambient 

salinities may negatively influence thermal tolerance of 

sheepshead minnow. 

Thermal responses of sheepshead minnows acclimated at 

ambient salinity of 400% (140%©) seawater, confirm that 

ambient salinity can influence thermal tolerance but only 

when lethal limits are approached (Figure 23). High 

temperature tolerance of sheepshead minnows decreased by 3°C 

at ambient salinity of 140%o• Similarly, cold tolerance 

showed decreases of between 0.6 and 2.3°C for fish 

acclimated to 140% o. Although changes in cold tolerance 

were not statistically significant, increased variability 

within this group and observed LOE in several fish at 

temperatures well above 10°C (17.8°C in one case), suggests 

that ambient salinity was approaching levels detrimental to 

cold tolerance as well. The response pattern seen here is 

typical of a secondary factor and strongly suggests that 

ion—osmoregulation is not the primary mechanism of thermal 

intolerance of sheepshead minnows. 

The relationship of temperature with salinity and 

oxygen in sheepshead minnow is not unexpected. These fish 

frequent tide pools where high temperatures associated with 

high salinity and low oxygen are routine. It would be 

illogical to assume that sheepshead minnows could survive in 

these habitats if either oxygen or ambient salinity were the 

primary factor establishing limits of thermal 
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susceptibility. Clearly both of these factors can 

negatively influence thermal tolerance but only when 

extremes approach the fishes tolerance limits. Therefore, 

the ultimate cause of thermal intolerance in sheepshead 

minnows must lie with factors other than those related to 

imbalances of external abiotic factors such as oxygen and 

salinity. 

Intracellular enzyme/metabolic pathway failure 

Assuming the list of thermal intolerance hypotheses is 

exhaustive, conclusions from the temperature, oxygen and 

salinity experiments imply by elimination, that loss of 

tertiary enzyme structure and associated metabolic pathway 

collapse is the ultimate cause of thermal intolerance of 

sheepshead minnows. Although the tertiary structure 

hypothesis plausibly explicates a variety of biological 

phenomena, its role in thermal intolerance of fishes remains 

largely unappreciated due to lack of supporting evidence. 

Of the hypotheses advanced, none are more difficult to test 

at the organismal level than loss of tertiary protein 

structure. Most studies of tertiary structural mitigation 

involve the use of pressure. This approach is not new (see 

Giese 1962) even to fisheries biology (Weatherley 1970; 

Gibbs and Somero 1989). Its application here, however, 

marks the first use of this technique to test the tertiary 
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protein hypothesis in a vertebrate at the whole animal 

level. 

Data from multiple sources attest to the ability of 

pressure to ameliorate damaging effects of high temperature 

on proteins. Physically, the potential of pressure to 

compress expanded proteins to their original volume has been 

elegantly illustrated by in vitro experiments with protein 

solutions. When heated, protein solutions show volume 

increases due to expansive tertiary structure loss (Giese 

1962; Braganza and Worcester, 1986; Somero, 1990). These 

changes, which may amount to as much as 0.2 ml per 100 g of 

protein, are reversed or prevented by the application of 

pressure (Giese, 1962). Whether or not compressed enzymes 

return to their native (functional) state, however, cannot 

be answered by these experiments alone. 

Bacterial studies have confirmed that pressure 

reformated proteins are biologically viable. High pressures 

have been shown to increase growth rates and extend upper 

thermal limits of some bacteria. (Giese 1962; Miller et al. 

1988; Metrick 1989; Nelson et al. 1991). In some cases, 

bacteria subjected to pressures are known to survive 

temperatures as much 14°C higher than their normal thermal 

regimen (Metrick 1989). The positive correlation of lethal 

temperature with pressure in some bacteria presumably 

reflects restoration of altered tertiary enzyme 

configurations (Giese 1962; Miller et al. 1988). Although 
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successful application of pressure mitigation has led to 

widespread use of this technique in bacteriology, similar 

responses have not been conclusively demonstrated among 

fishes or other vertebrates. 

Pressure research in fishes usually involves functional 

aspects associated with depth that are unrelated to thermal 

effects. However, triploid induction by exposure of 

fertilized eggs to extreme pressure (8,000 to 10,000 psi) or 

thermal regimens, show that pressure and temperature can 

have similar physical effects on teleost cells. Further, 

and perhaps more convincing, anecdotal evidence of thermal 

tolerance of fishes at extreme pressures, comes from recent 

deep-sea exploration of hydrothermal vents along the East 

Pacific Rise at depths of 2600 m (260 atm of pressure). 

Zoarchid fishes of the genus Thermarces have been observed 

in vent outflows at hydrothermal sites where temperatures 

may reach 380°C (Fustec et al. 1987; Dahlhoff et al. 1990). 

These fishes may tolerate temperatures high enough to 

permanently denature proteins in most organisms; however, 

the exact temperatures encountered are unknown (Dahlhoff et 

al. 1990). 

Thermal tolerance responses of sheepshead minnows 

exposed to high pressures under controlled laboratory 

conditions test the enzyme dysfunction hypothesis directly. 

Fish exposed to 35.0 atm of pressure had a CTMax of 41.5°C a 

value nearly 1.5°C greater than controls. From the 
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regression model of acclimation temperature on CTMax, it can 

be seen that this level of heat tolerance corresponds to an 

acclimation temperature of 26°C, a temperature at least 5°C 

higher than the actual acclimation level. Clearly, the 

deleterious effects of high temperature on these fish were 

mitigated by increasing ambient pressure. The actual 

mechanism involved, however, is not immediately obvious from 

these data alone. 

Weatherley (1970), showed that, like sheepshead 

minnows, CTMax of goldfish increased by almost 1°C at 

pressures of 30 atm. He concluded that the enhanced CTMax 

resulted from increased dissolved oxygen concentrations at 

higher pressures. The limited scope of his pressure/heat 

tolerance data by themselves, however, support both the heat 

anoxia and enzyme dysfunction hypotheses because both oxygen 

and pressure were increased during the experiment. When 

CTMax at hyperoxic conditions and CTMin at high pressure are 

evaluated for sheepshead minnow it becomes apparent that 

Weatherley's observations were correct, but his conclusion 

was not. 

Critical thermal maximum of sheepshead minnow at 

ambient pressures showed no significant improvement at 

oxygen levels 185% of ambient. Furthermore, the CTMin of 

fish tested at 35.0 atm of pressure decreased by 

approximately 3°C even though oxygen concentrations probably 

exceeded 400 mg*L_1 (value based on the mean oxygen content 



157 

during CTMin at 1.0 atm multiplied by 35 atm). These data 

suggest that thermal variations observed in sheepshead 

minnow (and perhaps goldfish) at high pressure, did not 

result from increased oxygen availability. 

If, however, enzyme structural change was the mechanism 

responsible for thermal intolerance of these fish, then 

diametric shifts of tolerance in response to high and low 

temperature extremes would be expected. High temperatures 

cause proteins to expand, a condition that is reversed by 

increasing ambient pressure. Thus, increasing both 

temperature and pressure simultaneously should increase heat 

tolerance. At low temperatures, however, enzymes become 

compressed. Increasing pressure further compacts enzymes, 

ultimately rendering them non—functional at higher 

temperatures, resulting in loss of cold tolerance. The 

upward shift of heat tolerance and concurrent loss of cold 

tolerance observed in sheepshead minnows at 35.0 atm of 

pressure (Figure 24), clearly coincide with responses 

predicted by the enzyme tertiary structure hypothesis. 

Furthermore, of the abiotic factors evaluated, only 

pressure elicited a response compatible with a primary 

thermal intolerance mechanism. The configuration of thermal 

responses seen in sheepshead minnows exposed to pressure, 

when evaluated with respect to acclimation temperature, 

ambient salinity and oxygen are difficult to explain in any 

way other than modified tertiary enzyme structure. These 
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Figure 24.— Critical thermal minima and maxima of sheepshead 
minnows acclimated at 21°C and exposed to 1 (n = 30), 8 (n = 
30) or 35 (n = 20) atm of pressure. Vertical bars = 95% CI; 
* = significant differences at a = 0.01. 
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responses provide direct and convincing evidence that 

modified tertiary structure, is indeed, the causative factor 

of thermal intolerance in the sheepshead. 

Summary 

The contention that thermal tolerance of sheepshead 

minnow is controlled by a single causative mechanism is 

supported by the following summary of effects and 

interactions associated with various abiotic factors. 

Thermal intolerance was not related to intracellular ice 

formation or thermal protein coagulation because fish lost 

equilibrium before reaching these extreme temperatures, even 

when acclimated to temperatures approaching the ultimate 

upper and lower incipient lethal levels. Furthermore, 

thermal tolerance of sheepshead minnows were not enhanced by 

increased oxygen tensions or equalizing ambient osmotic 

concentrations with plasma. Temperature tolerance was, 

however, decreased when either oxygen or ambient salinity 

reached stressful levels. Similar effects observed in 

fishes exposed to chemical stressors suggest that these 

factors influence, but do not cause, thermal intolerance of 

sheepshead minnow. The effects of pressure on CTM of 

sheepshead minnow and goldfish strongly suggest that changes 

in tertiary enzyme structure are the cause of thermal 

intolerance in these species. Of the factors evaluated, 

only pressure extended thermal tolerance, a response 
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consistent with a primary causative factor. This fact, 

independently confirmed by Weatherley (1970) and further 

corroborated by evidence from molecular, cellular, life 

history, and reproductive biology presents compelling 

evidence that changes in tertiary enzyme configurations at 

extreme temperatures are the single primary cause of thermal 

intolerance among sheepshead minnows. 



CHAPTER VII 

SUMMARY OF RESULTS 

Reciprocal transformation of low oxygen tolerance 

measurements were directly related to physiological 

responses and activity of fishes because they express oxygen 

requirements as the volume of water that must be ventilated 

to satisfy minimal oxygen demand (L'mg"1). In addition, 

transformed estimates were sensitive to physiological 

changes at low oxygen levels where absolute changes in 

oxygen concentrations were small. As a result, transformed 

estimates of ten Texas fishes had a higher resolution for 

ecological patterns of low oxygen tolerance among fishes 

than traditional measures that simply report water oxygen 

concentrations. 

Transformed oxygen tolerance of fathead minnows was 

significantly decreased at an acclimation temperature of 

32°C. Low oxygen tolerance of these fish was also decreased 

following exposure to sub-lethal concentrations of copper 

although values returned to near normal within 72 h. These 

results demonstrate that tolerance to low oxygen can be 

adversely influenced by abiotic factors in the environment 

when tolerance levels for the factor are approached. 

Presumably, the additional stress imposes a 

161 
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metabolic load on the fish that is expressed as a decrease 

in oxygen tolerance. 

Responses of ten Texas fishes to low oxygen 

concentrations were partitioned into three statistically 

distinct groups based on reciprocally transformed tolerance 

data. Transformed oxygen tolerance for eight Texas stream 

fishes from three families ranged from 0.52 to 1.26 L»mg"1 

with all fishes tolerant of oxygen levels above 2 mg^IT1. 

Tolerance levels observed in these fishes probably reflect 

metabolic adaptations associated with stream intermittency. 

Two genera from disparate habitats comprised a second 

statistical grouping with transformed low oxygen tolerance 

of approximately 2.8 and 3.8 L-mg"1. Predator avoidance by 

exploitation of hypoxic environments may explain increased 

oxygen tolerance in juvenile longear sunfish (Lepomis 

meqalotis: 2.82 L^mg"1); whereas, sailfin and amazon mollies 

(Poecilia sp.; 3.73 and 3.85 L'lng"1, respectively) probably 

utilize low oxygen tolerance along with morphological 

adaptations to survive stagnate freshwater or estuarine 

habitats where oxygen levels may routinely fall to near 

lethal levels. 

Of the fishes tested here, the sheepshead minnow was 

most tolerant of low oxygen conditions. Fish acclimated to 

21 °C tolerated oxygen levels as low as 0.22 mg^L"1 

(transformed tolerance of 5.64 L»mg'1). Low oxygen 

tolerance is undoubtedly an important adaptation in this 
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species and may explain, in part, why sheepshead minnows 

succeed in extreme habitats where other fishes do not. 

The sheepshead minnow has the largest zone of 

physiological (static) thermal tolerance ever measured in a 

fish. In addition, a large acclimation range allows this 

fish to attain (CTMin and CTMax) dynamic tolerance limits 

that virtually encompass the biokinetic zone for fishes. 

Indeed, higher CTMax values have been reported in only one 

other species (Cvprinodon artifrons: Heath et al. 1993). 

High physiological and ecological thermal tolerance coupled 

with a thigmothermic behavioral response to cold 

temperatures, allow sheepshead minnows to survive extreme 

thermal fluctuations experienced in south Texas tide pool 

envi ronments. 

Both dynamic and static thermal tolerance methods 

accurately quantified thermal responses of fishes. In 

addition, both methods faithfully, albeit indirectly, 

reflected thermal habitat distributions of fishes. On the 

other hand, tolerance values from these different methods 

were not directly equivalent. Dynamic methods incorporated 

temperature rate effects, whereas, static methods quantified 

(and were sensitive to) exposure time relationships. 

Neither method allows adaptive behavioral responses of fish. 

Sheepshead minnows were extremely tolerant of 

temperature, oxygen and salinity conditions. For example, 

these fish are one of the most salt tolerant known (Nordlie 
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1985). In addition, my experimental results show that 

sheepshead minnows tolerate salinity levels from 0 to 

140%o» oxygen concentrations as low as 0.22 mg*L~s, and 

dynamic thermal extremes between 0.6 and 44.2°C. Finally, 

the physiological thermal tolerance of 1379°C2 is the 

highest determined for any fish. Clearly, these fish are 

well adapted to the abiotically extreme habitats in which 

they are frequently found. Furthermore, influencing effects 

of environmental factors were minimized by using sheepshead 

minnows to test the thermal tolerance hypotheses. 

The contention that thermal tolerance of sheepshead 

minnow is controlled by a single causative mechanism was 

supported by the following summary of effects and 

interactions associated with various abiotic factors. 

Thermal intolerance was not related to intracellular ice 

formation or thermal protein coagulation because fish lost 

equilibrium before reaching these extreme temperatures, even 

when acclimated to temperatures approaching the ultimate 

upper and lower incipient lethal levels. Furthermore, 

thermal tolerance of sheepshead minnows were not enhanced by 

increased oxygen tensions or equalizing ambient osmotic 

concentrations with plasma. Temperature tolerance was 

decreased, however, when either oxygen or ambient salinity 

reached stressful levels. Similar effects observed in 

fishes exposed to chemical stressors suggest that these 

factors influence, but do not cause, thermal intolerance of 
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sheepshead minnow. The effects of pressure on CTM of 

sheepshead minnow and goldfish strongly suggest that changes 

in tertiary enzyme structure are the cause of thermal 

intolerance in these species. Of the factors evaluated, 

only pressure extended thermal tolerance, a response 

consistent with a primary causative factor. This fact, 

independently confirmed by Weatherley (1970) and further 

corroborated by evidence from molecular, cellular, life 

history, and reproductive biology presents compelling 

evidence that changes in tertiary enzyme configurations at 

extreme temperatures are the single primary cause of thermal 

intolerance among sheepshead minnows and most likely all 

f i shes. 
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