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and the Effects of Temperature on Teleost Physiology

Peter Repenning
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ABSTRACT

The Mayan cichlid (Cichlasoma ‘Nandopsis’ urophthalmus) is an invasive 

species that has successfully established itself throughout southern Florida.  In the past 

few years, several populations have successfully expanded their range to higher latitudes. 

An experiment was conducted in an effort to predict the limits of their northern range 

expansion by testing the lower limits of temperature tolerance for this fish.  It was 

determined that the critical thermal minimum for the Mayan cichlid was 9ºC.  Based on 

these finding and average Florida stream temperatures, the potential range limits for this 

species are suggested.  Also presented is a review of the effects of temperature on teleost 

physiology and the adaptations necessary for dealing with temperature change.  This 

information provides insight into how these factors limit range expansion.  

Dr. Leo Demski

Natural Sciences division
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INTRODUCTION

Florida’s warm climate and extensive waterways provide a hospitable 

environment for invasive fishes.  These factors have contributed to the establishment of at 

least 23 new freshwater species, with another 11 known to be breeding in state waters 

(Florida Fish and Wildlife Conservation Commission 2007).  Due to the environmental 

and economic problems associated with these invasions, they have been the subject of 

extensive research.  This research provides information that is used to help protect, 

restore and manage lands which are threatened by invasive species.  The majority of the 

invasive fish species in Florida are from tropical regions (Trexler et al. 2000).  The 

inability of tropical fishes to adapt to the cooler waters found in northern latitudes defines 

the range limits for most of these species.  This thesis will address the ways in which 

species deal with temperatures at the limits of their range through adaptation and will 

discuss the physiological effects of temperature upon the body and the significant 

compensations necessary for survival under extreme conditions.  Special attention will be 

given to the Mayan cichlid (Cichlasoma ‘Nandopsis’ urophthalmus), a species known to 

be expanding its range northward in Florida (Gunther 1862; Paperno et al. 2008). 

An experiment was conducted to determine the limits of cold tolerance in the 

Mayan cichlid. The methodology used was chosen after a comparison of the three main 

experimental designs currently in favor.  This experiment was originally designed to 

compare the southernmost and northernmost populations in Florida and to investigate the 

possibility of physiological adaptations that would allow Mayan cichlids to increase their 

range into colder climates.  Failure to obtain necessary specimens for the northernmost 

group changed the focus of this study from experiential to an examination of research on 
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the subject and a discussion of the physiological effects of temperature change on fish. 

This will provide insight into the mechanisms by which temperature limits species 

expansion as well as how species adapt to the temperatures at the extremes of their range. 

The thermal limit data from this experiment is presented with an analysis based on 

regional temperature data within Florida and a comparison to other introduced cichlid 

species with available cold tolerance data.

SYNTHESIS OF PERTINENT LITERATURE

Invasive Species-

Introductions of invasive species are frequent occurrences worldwide.  Many of 

these species never become established in their new environments and eventually perish. 

The species that manage to establish themselves, however, can potentially cause far-

reaching changes throughout the ecosystem (Simberloff 1994, 1997).  It has been 

suggested that invasive species are second only to habitat destruction as the leading cause 

of species extinctions because the introduced species compete directly and indirectly with 

native species (Clavero & Garcia 2005).

There are a number of principles which define an invader’s ability to become 

established.  The main factors that can significantly increase the chance for establishment 

are: an adequate food supply in the environment to support the new species, an 

environment sufficiently similar to the invader’s native habitat, reduction or elimination 

of a pressure that restrained its population in its native range, and an environment that has 

been disturbed, disrupting the natural balance of the ecosystem and allowing the new 
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species to move in.  Any one (or a combination) of these factors may significantly raise 

the risk of establishment of an exotic species.  Beside these environmental conditions, 

there are a number of characteristics which a species may possess that increase its 

chances of success.  These include being broadly adaptable to abiotic conditions, being 

dietary generalists, and having a high fecundity or effective parental care (Arthington & 

Mitchell 1986).

Florida has the second highest number of established invasive species (both plants 

and animals) in the United States, surpassed only by Hawaii. Florida’s mild climate and 

numerous wetlands, many disturbed and/or connected through man-made passages, leave 

it highly susceptible to invasion.  Florida’s exotic fish species were primarily introduced 

from the tropical fish trade and commercial food-fish aquaculture.  Of these species, a 

majority are members of the family Cichlidae, with at least a dozen currently established 

in Florida waters (Courtenay 1997).  The family’s success has been aided by 

opportunistic feeding habits and highly efficient reproduction.  Omnivory allows them to 

exploit a wide range of food sources.  In their native range, survival of young is 

predominantly regulated by interactions with other organisms and not the abiotic 

environment (Faunce et al. 2000).  This has led to highly efficient parenting, with 

extended postnatal care in addition to frequent spawning and high fecundity.  Since 

temperature is one of the most important factors in a species, range, and the family 

Cichlidae is a tropical/sub-tropical family, most cichlids have been confined to the 

warmer, southern portion of the state.  
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The Mayan Cichlid

The Mayan cichlid is an opportunistic predator which preys on fish, insects, and 

mollusks.  Its native range stretches along the Atlantic rim of Central America from 

Mexico to Nicaragua, where it breeds in freshwater, brackish water and saltwater. 

Experiments by Stauffer and Boltz (1994), exhibit that they are able to withstand 

salinities up to 35ppt for extended periods of time.  This capacity has aided in their rapid 

spread along the coasts, from which they migrate up into new drainages and become 

abundant in brackish and freshwater areas as well.

The first sightings of Mayan cichlids were recorded in 1983 in Everglades 

National Park. These sightings included two breeding populations, one in a freshwater 

pond and one in a brackish water creek (Loftus 1987).  Since that time, a progressive 

range expansion northward in the state has resulted in coastal populations being 

established in the Mobbly Bayou area of Old Tampa Bay and in canals of Merritt Island, 

as well as inland populations established in Lake Okeechobee (Paperno et al. 2008).  

Temperature as a Limiting Factor

Limits to a species’ range include climatic and topographic factors.  For the 

tropical invasive species of fishes in Florida, this limit has been set by temperature (Cox 

& Moore 1985).  Temperature has been described as the ‘abiotic master factor’ for fishes 

(Brett 1971).  It affects most physiological and behavioral parameters.  For different 

fishes, the type and degree to which they experience temperature change can cover a 

wide spectrum.  Species from climates which experience relatively little change in 
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temperature are termed stenotherms.  These species include those from tropical and polar 

regions.  Species from polar regions spend most of their lives in temperatures as low as 

-1.5°C and will likely never experience temperatures over 5° or 6°C.  Tropical species 

have a similarly small range of temperatures at the high end of the spectrum.  Outside of 

these small temperature ranges these species quickly begin to display deleterious effects. 

Temperate species, however, often experience wide variations in temperature from as 

cold as 0°C in the winter to as warm as 30°C in the summer (Diana 2004).  Species able 

to live in these wide temperature ranges are termed eurytherms.  The Mayan cichlid is a 

tropical stenotherm limited to the tropics and the warmer rergions of sub-tropical 

climates.  Ultimately, it is the physiological effects of temperature that define a thermal 

range for this species and other tropical invasive fishes in Florida.   

  

Effects of Body Temperature on Performance

Variations in the effects of temperature on the speed of biological processes can 

be quantified by calculating the temperature coefficient (Q10) of the process.  This is the 

effect that a 10°C change in temperature has on the metabolic rate of the process 

(Hochachka & Somero 2002).  In an animal’s natural temperature range, the Q10 for most 

biological processes, such as respiration and enzyme activity, is around 2, meaning that a 

10°C rise in temperature will approximately double the speed of most biological 

processes (Cossins & Bowler 1987).  Outside of the normal temperature range the rates 

for processes can vary dramatically.  This variation in rates can lead to numerous 

problems when an animal experiences a change in temperature.  Various aspects of 
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metabolic processes are differentially affected by temperature.  For example, enzyme 

regulation controls the amount of products available in a cell based on “needs” and 

“demands.”  The amount that a given metabolic pathway contributes to overall 

metabolism is largely based on the cellular demand for the products of that pathway. 

Pathway activity is controlled by one or more enzymes functioning early in the pathway 

as “on-off switches.”  Enzyme-substrate (E-S) affinity usually functions as the switch, 

with positive modulators (activators) increasing E-S affinity and negative modulators 

(deactivators) decreasing E-S affinity.  This method of control is highly efficient and 

allows for the production of only the necessary amount of products.  The effect of 

modulating the E-S affinity has a reciprocal affect on the Michaelis constant (Km) for the 

reaction.  The Km for the reaction is the substrate concentration at which the reaction rate 

is half of its maximum velocity or Vmax.  If a substrate level is low, positive modulation of 

E-S will cause a drop in Km, dramatically increasing reaction velocity (Hochachka & 

Somero 1971).  E-S affinity and other regulatory functions have been found to vary in 

complex manners with changes in temperature due to temperature-induced changes in 

enzyme structure and reaction rates (Somero 1978).  Thus, those adaptations which have 

developed to give the organism a high level of control over enzymatic activity are also 

highly vulnerable to changes in temperature, posing a significant problem for controlling 

metabolism (Hochachka & Somero 1971).  

Failures in osmoregulation are the likely cause of many of the detrimental effects 

of extreme temperature observed throughout the body.   Body fluid composition is highly 

affected by both rapid changes in temperature and larger changes over a longer time 

period.  Fish maintain their bodies at a different ionic balance compared to that of their 
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environment’s.  When exposed to changes in temperature, the metabolic control of ion 

transport is altered.  The capacity for ion transport across gradients is modified as is the 

permeability of membranes to diffusive flow (Donaldson et al. 2008; Crockett & 

Londraville 2006).  In addition, adjustments to temperature have different respiratory 

requirements, leading to shifts in ventilation rate, heart rate, and gill surface area.  These 

changes lead to variations in the volume of water that contacts the respiratory surface 

area, across which exchange of ions and water into and out of the body takes place 

(Houston 1973).  These factors lead to a net gain or loss of ions and water in the direction 

of the environment (i.e. loss of ions to freshwater or gain of ions by saltwater; gain of 

water in freshwater and loss of water in saltwater) (Stanley and Colby 1971; Donaldson 

et.al. 2008).  Because of the substantial surface area and high permeability of the gill 

filaments, this exchange can be relatively quick (Houston 1973).  Stanley and Colby 

(1971) studied the effect of temperature on ion regulation in alewife (Alosa 

pseudoharngus).  Plasma concentrations of sodium and calcium were shifted with acute 

exposure to cold.  Muscle ion concentrations were affected in the direction of the 

environment in both saltwater and freshwater specimens.  They suggest that these 

changes in muscle ion concentrations may cause the muscle spasms seen at stressful 

temperatures (Stanley & Colby 1971). 

It is commonly agreed that the nervous system is the most thermo-sensitive of the 

body’s systems (Roberts 1973).  Neuronal conduction velocity, synaptic transmission 

reliability, and probability of transmitter release are all directly influenced by temperature 

(Van den Burg et al. 2005).  In goldfish (Carassius auratus) and rainbow trout 

(Oncorhynchus mykiss) decreasing temperatures delays response time to tactile, visual, 
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and electrical stimulation (Roots & Prosser 1962).  Preuss and Faber (2003) studied 

goldfish response to auditory stimuli following a 10°C drop in temperature over 50 

minutes to determine what effect this temperature change would have on activity of a 

central neuron.  They found that triggering of the escape response after the stimulus was 

slowed by a reduction in the neuronal conduction velocity.  The probability of triggering 

an escape response after stimulus was increased, and the direction of the escape response 

was also affected, the chance of moving towards the source of the stimulus rather than 

away from it increased (Preuss & Faber 2003).  In a similar experiment, where acute 

temperature increases were tested on goldfish, the temperature change had a similar 

effect (Szabo et al. 2008).  The findings of these studies provide reasonable explanations 

for the hyperexcitability seen during acute temperature changes (Preuss & Faber 2003). 

It is likely that these changes involve changes in synapse conductivity.  

Studies on neuromuscular transmission in crayfish display the blocking of 

inhibitory transmissions before excitatory.  In crayfish leg muscle, inhibitory junctions 

were blocked at 29.9°C in 10°C acclimated specimens, and 34°C in 25°C acclimated 

specimens, while excitatory blocking occurred at 33°C in the 10°C, and 38°C in the 25°C 

acclimated groups (3 and 4°C lower than excitatory blocking respectively) (Prosser & 

Nelson 1981).  Studies on the goldfish cerebellum by Friedlander et al. (1976) support the 

findings for sensitivity of inhibitory synapses to heat and cold in fish.  This lack of 

inhibitory response may lead to the hyperexcitability observed after relatively small 

changes in temperature (Friedlander et al. 1976; Logue et al. 1995).  Roberts (1973) also 

reported vigorous tail movements in rainbow trout between 23°C and 25°C.  These 

symptoms were likely the result of induced hyperexcitability and muscle spasms caused 
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by the blocking of skeletal muscle inhibitory neurons in the central nervous system 

(Roberts 1973).  Further localized heating and cooling of the cerebellum produced a 

sequence of behavioral changes similar to those reported in whole animal studies 

(Friedlander et al. 1976).  

Failures in the nervous system may also be triggered by temperature-induced 

hypoxia.  This hypoxia of the nervous system leads to a failure of the respiratory system 

causing further hypoxia which leads to death (Roberts 1973).  Roberts conducted 

experiments focusing on respiration and brain function with steadily increasing 

temperatures in rainbow trout (acclimated to 15°C and exposed to a warming rate of 

1/2°C per min).  He found that ventilator capacity was able to supply sufficient oxygen to 

the brain up to a temperature of 25°C.  Above 25°C, the efficiency of ventilatory 

movements declined.  Despite increasing ventilation rates, the pumping efficiency began 

decline steeply.  At this point, large drops in the partial pressure of oxygen (pO2) 

occurred in the brain.  At a brain temperature of 27°C ventilation failed due to blockage 

of respiratory control neurons.  Failure of buccal pumping muscles occurred with the 

muscles remaining contracted (Roberts 1973).  Portner et al. (2004) demonstrated that in 

goldfish, decreases in available oxygen affects cardiac muscle before other tissues.  They 

reported that a decline in ventilatory and circulatory capacities contributes to a decline in 

oxygen supply.  As temperature extremes are neared, the venous oxygen supply steadily 

declines until it reached zero.  Capacity for compensatory mechanisms to increase arterial 

oxygen supply is limited.  Increasing metabolic activity throughout the body consumes 

all available arterial blood oxygen, leaving none to return to the heart for cardiac muscles. 

At this point, whole body oxygen supply deteriorates, and the brain suffers from hypoxia, 
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leading to the previously mentioned blocking of respiratory control neurons (Portner et 

al. 2004).  These experiments provide evidence indicating that death from heat is directly 

associated with brain hypoxia induced by failures in respiration and circulation. 

Adapting to temperatures changes

Although change in temperature is only one of the environmental influences 

affecting performance, it is often the most pervasive.   Changes in body temperature have 

a profound effect on almost all aspects of an animal’s physiology.  For fishes, controlling 

body temperature is especially difficult, with rapid loss of heat occurring over respiratory 

surfaces such as the gills.  An overview of teleost species displays a trend towards body 

temperatures which are at or within 1°C of ambient temperature.  These species are 

considered poikilotherms, or environmental temperature conformers (Prosser & Nelson 

1981).  A few species of fish, including some tuna and lamnid sharks, are able to retain 

heat and and maintain body temperatures warmer than ambient water temperatures, but 

these species are the exception.  For the other fishes, confronting changing temperatures 

is an aspect of life.  Most species are not passive to this change and have developed 

complex mechanisms of adapting directly to changes in their body temperature. 

Illuminating the relationships between the different mechanisms and determining the 

triggering influences has been difficult (Cossins & Bowler 1987).  This section presents a 

summary of the types of adaptations that fishes make to changes in temperature.  The 

subsequent sections focus on the triggers and mechanisms of the discussed adaptations.  
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Temperatures at which a species is able to live without detrimental effects are 

considered ‘normal’ (Precht 1958).  Even over a ‘normal’ range of temperatures, 

physiological changes must take place to optimize performance.  Outside of a normal 

range, temperature adaptations are made to sustain function for the purpose of survival. 

These adaptations will be discussed in depth in the following sections.  This section 

focuses on how temperature affects physiology and how exposure to heat and cold can 

lead to the death of the organism. 

Adaptations to temperature can generally be divided into at least one of three 

distinct time-course periods, instantaneous, short-term and long-term.  The first of these 

compensations is instantaneous with exposure to new conditions.  Such changes are less 

common and occur primarily in intertidal species (Hazel & Prosser 1974).  The majority 

of poikilotherms display the second form of compensation, short-term, which takes place 

over a period of days or weeks.  The third type of thermal compensation, long-term, takes 

place over evolutionary time spans and involves adaptations in species over a period of 

many generations.  

The ability of an individual to adapt to temperature change varies widely, not only 

among species, but also among members of the same species and during the lifetime of 

the organism (Morris 1965).  The capacity for adaptation to temperature follows the 

evolutionary thermal experience of the animal, or the temperatures which that species has 

historically encountered, and the environmental thermal experiences, or the temperature 

that the individual has experienced throughout its life and is currently experiencing. 

Differences lead to geographic variations based on the different weather conditions 

experienced (Hart 1952; Otto 1973).  Hart (1952) studied geographical variance of ten 
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species of fishes in North America.  Three species presented differences in upper lethal 

temperatures between localities.  Comparisons were made between both mosquitofish 

(Gambusia affinis) and largemouth bass (Micropterus salmoides) from Welaka, FL and 

Knoxville, TN, and common shiner (Notropis cornutus) from Knoxville and Toronto.  In 

the studies on the common shiner, a difference in temperature tolerance was apparent 

between the 2 populations.  The Toronto population had consistently lower temperature 

tolerance when compared to the Knoxville population, following acclimation to equal 

temperatures.  The studies on largemouth bass were surprising, the southern populations 

had relatively less heat tolerance then the northern populations, a difference of 1.8°C 

when acclimated to 25°C and of 2.7°C when acclimated to 30°C.  These data seemingly 

contradict the theory that southern populations, which would have experienced higher 

water temperatures historically, would exhibit greater heat tolerance and demonstrate that 

factors other than geography can affect the temperature tolerance of a species.  Hart 

proposed that such factors may include variations between subspecies, possibly the result 

of differences in dissolved solids and chloride.   The southern population was collected 

from waters where chloride was measured at 89-370ppm, while the concentration in the 

water of the northern populations was only 3.5ppm.  Given failures in ion regulation at 

near-lethal temperatures, these environmental differences may have affected the ability 

for the fishes to regulate internal ion balance.  The studies on Gambusia demonstrated a 

higher temperature tolerance in the southern population when acclimated to colder 

waters, with the temperature tolerances becoming similar as the acclimation temperature 

was increased (Hart 1952).  
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Otto (1973), working in Utah, also studied geographic variation in temperature 

tolerance of mosquitofish.  The stocks that he studied came from populations introduced 

from Tennessee in the spring of 1932.  A previous attempt to stock mosquitofish from 

California had been made, but the fish failed to survive the winter temperatures.  The 

Tennessee stock was planted in a number of ponds around Salt Lake City, including one 

warm-water spring.  The winters of 1932 and 1933 were particularly harsh and killed all 

populations except the one in the warm spring.  This population was redistributed to 

surrounding ponds, and many survived a mild winter in 1934. The result was cold hardy 

populations which have been able to overwinter in the Salt Lake area for repeated 

winters.  Studies comparing these cold-adapted populations with heat-adapted 

populations from the Sonoran Desert report a selection for increased cold tolerance and 

decreased heat tolerance.  When both groups were acclimated to temperatures from 5°-

10°C, the Salt Lake City population had a 2.5°C greater cold tolerance in lower incipient 

lethal temperature studies.  The range expansion northward by species is primarily 

dictated by low temperatures.  Prior to these introductions, mosquitofish were unable to 

expand above 40° N latitude (Otto 1973). 

Studies such as these provide strong evidence for the acquisition of temperature 

tolerance through genetic selection over subsequent generations as well as for the 

existence of geographic variation, but they also suggest that adaptation is a complicated 

phenomenon that is not completely understood.   It is important to note that capacity for 

adaptation to temperature changes throughout the lifespan of an organism.  Seasonal 

changes in adaptations are often triggered by changes in photoperiod, anticipatory of 

seasonal variations of temperature (Cossins & Bowler 1987).  
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There are two dominant adaptive responses to temperature expressed by most 

animals: Capacity adaptations and resistance adaptations, both of which involve an 

adaptive change in physiology triggered by a change in environmental conditions 

commonly referred to as a physiological compensation (Cossins & Bowler 1987). 

Capacity adaptations offset the effects of temperature on metabolic processes, providing 

optimized physiological performance over a low stress range of ‘normal’ temperatures 

(Precht 1958).  Resistance adaptations modify an animal’s ability to function outside of 

its normal temperature range.   Combinations of capacity and resistance adaptations 

permit an animal to survive at a given temperature.  These adaptations can be hereditary 

or non-hereditary, usually involving a combination of both.  Hereditary adaptations are 

passed through generations with beneficial adaptations being selected for, forming the 

basis for evolution.  Non-hereditary adaptations are changes brought about throughout the 

lifespan of an animal in response to changes within the environment.  The capacity for 

these changes is genetic, but the actual effect of the changes is not passed on to the 

organism’s offspring.  The degree to which these adaptations successful has been divided 

by Precht (1958) into five types: 1) overcompensation; 2) perfect compensation, where 

acclimated rates when measured at different temperatures are the same; 3) partial 

compensation; 4) no compensation, where rates follow a standard Q10 relation; and 5) 

inverse compensation, in which the acclimated rate is opposite of what would be 

expected (e.g. rate in cold is decreased further then would be expected during transfer 

from hot to cold) (Precht 1958).

The most studied example of capacity adaptation, stemming from its direct 

relation to overall energy usage and metabolic status, is the rate of oxygen consumption 
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over a range of temperatures.  As temperature rises every 10°C, a 1.65-2.7-fold increase 

in metabolic rates is expected (Jensen & Rankin 1993).  Adaptations are made to adjust 

the metabolic rate.  This is easily observed by monitoring oxygen consumption.  When a 

poikilotherm experiences an abrupt temperature change, the rate of metabolic processes 

changes and oxygen consumption is altered to fill the modified demand.  When the 

change is from cold to hot, oxygen consumption increases; while a move from hot to cold 

decreases oxygen consumption.  Over a period of time (hours to weeks), the metabolic 

rate is modified until it reaches a steady state marking the optimal obtainable value for 

the given temperature.  This is the most efficient rate for metabolism at that temperature 

(Hazel & Prosser 1974).  Over a range of temperatures the capacity for rate changes to 

fully compensate for the effect of temperature on homeostasis varies.  As the temperature 

becomes closer to the species’ thermal extremes the compensation becomes less 

adequate.  

Examples of capacity adaptations with regard to levels of compensation are well 

studied in fish, including studies by Roberts (1964) on the pumpkinseed sunfish 

(Lepomis gibbosus) and by Morris (1962) on cichlids (Cossins & Bowler 1987). 

Compensations made over ‘normal’ temperatures maintain a consistent rate.  Over this 

range of temperature, given adequate time for acclimation, metabolic rate is relatively 

similar.  This type of compensation models types 2, perfect compensation; or 3, partial 

compensation if full compensation is not possible.  Inverse compensation to temperature 

represents a different strategy for adapting to a change in climate.  Animals may further 

decrease metabolic rate beyond the natural depression from cold temperatures 

represented by lower oxygen consumption, reducing energy expenditure in response to 
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severe weather or reduced food availability.  This strategy is taken by species such as the 

bullhead or striped bass, which may cease feeding altogether and burrow into the mud to 

take on a sleep-like state until warm weather comes in the spring (Crawshaw 1984; 

Cossins & Bowler 1987).  This method increases the length of time the animal can 

survive on its metabolic reserves (Hazel & Prosser 1974).  In vitro studies on tissue 

oxygen consumption indicate that whole-animal adaptations in oxygen consumption are 

often reflected internally in different tissues.   However, not all tissues display the same 

degree of adaptation or necessarily any change at all (Cossins & Bowler 1987).

Resistance adaptations occur at temperatures outside of the ‘normal’ range of 

temperature, as well as in situations where temperature decline is rapid.  Partial- and 

over-compensations are dominant in resistance adaptations.  If the rate of change exceeds 

the ability to compensate, a state of partial compensation may be all that is possible.  It is 

also common in cases of extreme temperature change for there to be overcompensation. 

The stress induced by the temperature change may trigger compensatory mechanisms to 

over react, surpassing the necessary level of compensation.  This can be as harmful as 

partial compensation (Cossins & Bowler 1987).  In cases where temperature change is 

not drastic, but is outside of the normal range of acclimatable temperatures, these 

adaptations also take place.  They allow for survival at the extremes of the species 

tolerance.  The capacity of resistance adaptations to sustain the animal at extreme 

temperatures ultimately defines the lethal temperature limits of the individual.  Unlike 

capacity adaptations, the role of resistance adaptations is not to maintain the animal at its 

most productive state.  Rather, they are survival adaptations, the purpose of which is to 

keep the animal alive (Cossins & Bowler 1987).    
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The predominant capacity adaptations are part of the process of acclimation. 

Acclimation is described as the responses that result from long-term exposure to a new 

condition that is within normal viable limits.  The resulting changes are anticipatory of 

longer-term, gradual changes in environmental conditions.  These changes persist as long 

as the conditions persist and are fully reversible (Bowler 2005; Loeschcke & Sorensen 

2005; Lagerspetz 2006).  

While acclimation usually describes a response observed in the laboratory, where 

conditions are controlled and a single condition is modified, acclimatization is a similar 

response with the defining difference being that acclimatization is a response to 

simultaneous changes in a number of environmental conditions such as photoperiod, 

temperature, and food availability and usually describes an observation in a natural 

environment.  Such changes are usually observed in response to a seasonal change. 

While acclimation describes changes that occur over nonstressful temperatures, shock 

and hardening describe changes that occur in stressful temperatures and would be 

considered resistance adaptations.  Hardening is a short–term exposure to lethal 

temperatures and the induced responses of such an exposure, such that a temporary 

increase in tolerance is exhibited.   Shock is used to describe swift exposure to chronic 

extreme temperatures and the physiological responses to the stresses experienced 

(Loeschcke & Sorensen 2005).  These new definitions make an important distinction 

between the types of adaptation but it is important to keep in mind that the relationships 

between all of these are not fully understood and that there is notable overlap.

Hardening and shock are examples of resistance adaptations.  Hardening with 

relation to temperature takes place when animals are briefly exposed to temperatures in a 
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lethal range and quickly returned to their acclimated temperature.  This brief exposure to 

temperature extreme has a “hardening” effect on the animal’s cells.  In a short period of 

time, if the animal is again exposed to lethal temperatures, it will be able to tolerate more 

extreme temperatures for a brief period.   This effect of hardening lasts only a short 

period of time, and within 24 hours the effect has gone.  The desert pupfish (Cyprinodon 

macularis) and the western mosquitofish (Gambusia affinis) will expose themselves to 

temperatures above that which laboratory experiments have demonstrated to be lethal. 

The effect of heat hardening allows them to make brief forays into areas of lethal 

temperature for feeding followed by a return to cooler waters for a period of recovery and 

repair. (Hutchison & Maness 1979) 

Shock occurs when an animal at its acclimated temperature or range of 

temperature experiences a stressful rapid change in temperature.  The result is a cascade 

of physiological and behavioral responses.  Shock can occur from exposure to heat or 

cold and is described as heat shock or cold shock respectively.  The heat-shock response 

often refers to the expression of heat-shock proteins (HSPs or stress proteins).  The heat-

shock response occurs in response to stressors that denature proteins, such as high 

temperatures, bacterial pathogens, heavy metals, and pesticides.  It is marked by an 

increase in synthesis of the heat-shock proteins which stabilize other proteins, refolding 

those which are partially unfolded, and detecting and disposing of those that are too 

damaged to be repaired (Tomanek 2002).  It is also well demonstrated that cold shock 

triggers the release of HSPs.  In this situation, their function is less understood.  Unlike 

heat shock, cold shock does not produce increases in protein mis-folding and 

denaturation (Inouye 1999).  While few studies have been directed at increased HSP 
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expression at cold temperatures, it has been demonstrated in insects that they are vital in 

surviving cold temperatures during periods of dormancy.  In particular, HSP70 was cited 

as being key to this function (Rinehart et al. 2007).  Given that HSP70 is well conserved 

among eukaryotic organisms, displaying only slight modifications, it is likely that a 

similar importance exists in fish (Donaldson et al. 2008).  In addition to its effects on 

HSPs, the shock response is also characterized by the activation of the generalized stress 

response.  The stress response triggers the rapid release of stress hormones which causes 

compensatory changes throughout the body for dealing with potentially dangerous 

situations (Barton 2002).

In the subsequent sections on capacity and resistance adaptations, the mechanisms 

behind many of these adaptations will be discussed.  Most involve complex physiological 

and biochemical processes, many of which are still not fully understood.  A 

comprehensive study of these mechanisms is not within the scope of this thesis.  What is 

presented is a brief overview to inform the reader of numerous ways in which these 

adaptations occur. 

Capacity Adaptations

Capacity adaptations include a large range of adaptations, predominantly those 

seen during acclimation.  The most important of these are enzyme compensations, 

locomotory changes, homeoviscous membrane adaptation, osmoregulatory changes and 

behavioral changes.  
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Enzyme compensation 

Given the direct effect of temperature on metabolic processes, a wide range of 

adaptations is necessary to compensate for such a change.  For any species that 

experiences changes in temperature, the ability to modify their rate temperature curve is 

crucial to survival at varying temperatures.   While the statement that increasing 

temperature increases reaction rate whereas decreasing temperature decreases reaction 

rate is often true, it is clear that the method of control is complicated.  Acclimation to 

cold does not simply increase reaction rates, as acclimation to warm does not simply 

decrease them.  Instead, in both hot and cold acclimation, the rates of some processes are 

increased, some remain unchanged, and others are decreased.  Complex metabolic 

reorganization is necessary to compensate for temperature change (Hochachka & Somero 

1971).  

By controlling enzymes, it is possible to modify the rate of catalyzed reactions 

throughout the cell.  Changes in enzyme efficiency can be controlled through changes in 

enzyme-substrate affinity, enzyme isoform expression, and changes in enzyme 

populations.  Numerous studies have shown that over a range of ‘normal’ temperatures, 

decreasing temperatures result in a correlating positive modulation of E-S affinity.   This 

regulation helps to counter the effect of temperature on the control of reaction rates, 

allowing the substrate concentration to regulate reaction rate instead of temperature.  This 

modulation of E-S affinity is an effective compensatory mechanism until temperatures 

nearing lethal limits are approached, when the effectiveness of this control is reduced 

(Hochachka & Somero 1971).  For any particular enzyme, the range of temperatures over 

which it can stabilize the rate of reaction through its E-S affinity is limited (Hochachka & 
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Somero 1971).  Over a shift in temperatures of 10°-15°C, no single enzyme can fully 

compensate.  To solve this, many enzymes have a number of variants which operate 

similarly but are modified to function at different temperatures.  When these variants 

work together over a range of temperature, they instill a measure of temperature 

independence for a reaction over a wider range than is possible for a single enzyme 

(Cossins & Bowler 1987).  In at least some cases, these variants are not typical 

isoenzymes (also known as isozymes, proteins with similar function, but different 

primary structures).  Through a temperature dependent interconversion reaction, a single 

protein species may be altered to change function at different temperatures.  When 

temperature changes, this interconversion increases the amount of the variant, which 

functions better at the new temperature (Hochachka & Somero 1971).  These changes in 

structure are a result of the effect of temperature on the weak bonds of tertiary and 

quaternary protein structure (hydrogen bonds, ionic bonds, hydrophobic bonds, van der 

Waal’s forces).  Other variants are true enzyme isoforms, complexes which exist in 

varying proportions based on temperature (Cossins & Bowler 1987).  These changes in 

structure can hinder or facilitate reactions by disrupting the formation of enzyme 

complexes and modifying E-S affinity through geometric changes in bonding sites. 

Depending on the particular enzyme, interconversion between variants may be 

instantaneous or require a period of weeks to provide complete compensation for changes 

in metabolic rate (Hazel & Prosser 1974).  When changes in enzyme-substrate affinity 

and enzyme isoform expression are not able to produce full compensation, changes in 

enzyme populations are common.  If a given enzyme is less effective at a colder 

temperature, more of the enzyme will be produced to compensate (Hochachka & Somero 
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1971).   The speed at which different mechanisms of enzyme control work varies, some 

being nearly instantaneous, and others taking weeks to effectively compensate.  The 

instantaneous mechanisms likely play roles in resistance adaptations (Cossins & Bowler 

1987).

Locomotory changes

Changes in locomotor activity are among the most well documented 

compensations seen during acclimation.  Numerous studies have shown that 

poikilotherms demonstrate optimal locomotory activity at the temperature to which they 

are currently acclimated.  Even at less than optimal temperatures, an animal will perform 

better at its acclimated temperature than if it is shifted to another temperature without the 

necessary time for new acclimation (Cossins & Bowler 1987; Hazel & Prosser 1974; Fry 

1967).  It has been shown that the compensations that cause this may include changes in 

aerobic capacity, contractile properties, myofibrillar ATPase, mitochondria, membrane 

phospholipids and redistribution of muscle fiber types (Cossins & Bowler 1987; Heap et 

al. 1985).  It is also important to note that many phyletic groups show disparate reactions 

to temperature change in muscles.  For example, the ADP affinity of red muscle 

mitochondria in rainbow trout drops significantly between 15 and 8C.  In contrast, under 

these conditions the ADP affinity of the short-horned sculpin (Myoxocephalus scorpius) 

remains constant (Guderley & Johnston 1996).  In the trout, this loss of affinity greatly 

affects ATP generation and metabolic regulation due to the critical role of ADP as a 

substrate and regulator for oxidative phosphorylation.  There are also notable differences 
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in myofibrillar ATPase activity and contractile properties between groups.   These 

differences appear to be important for their respective species in adaptation of muscle; 

but for a broader view, only methods of muscle compensation that appear to be common 

and fundamental to most species will be discussed in depth (Cossins & Bowler 1987).

For poikilotherms, the problem of reduced oxygen consumption due to lower 

diffusion and catalysis rates is fundamental in decreasing metabolism at low 

temperatures.  For compensation in muscle cells, there is an increase in mitochondria 

population.  This reduces diffusion distances, gives more surface area for diffusion of 

cytoplasmic oxygen, and increases the populations of enzymes.  Together, these changes 

increase aerobic ATP productivity, providing energy for muscle contraction (Johnston & 

Dunn 1987; Johnston & Maitland 1980).  The increase in mitochondria population, leads 

to a higher oxygen demand to maintain metabolism.  Depending on the muscle, this is 

achieved in several different ways.  There is an approximate 13-fold increase in 

intracellular lipid droplets between 25° and 5°C acclimated striped bass skeletal muscle 

(Desaulniers et al. 1996).  O2 is more soluble in a lipid than an aqueous phase.  These 

lipid droplets act as O2 storage and enhance its diffusion at cold temperatures, 

compensating for the increased demand of the mitochondria.  There is evidence that these 

intracellular lipid droplets are more effective than myoglobin (a common small oxygen-

binding protein that facilitates diffusion in muscle) at low temperatures (Desaulniers et al. 

1996).  

Increases in capillary density of muscle have also been shown, both in cases 

where there is a lipid increase and in others where there is no lipid increase.  In striped 

bass acclimated to 5°C, lipid droplets increase in slow muscle while capillary density 
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increases without increased lipids in fast muscle.  This difference in compensation is 

likely due to the O2 requirements of the different muscles and the existing vasculature. 

Slow muscle has a high level of vasculature prior to acclimation.  The heavy vasculature 

is lacking in fast muscle.  Fast muscle also has approximately 5-fold fewer mitochondria 

at cold acclimated temperatures when compared to slow muscle (Egginton et al. 2000). 

For fast muscle, these factors, combined with the naturally reduced oxygen demand, are 

sufficient to compensate for low temperatures.

For most species, increased mitochondria are not sufficient to allow the same 

swimming speeds at cold temperatures as are possible at warm temperatures.  To 

compensate, there is a progressive recruitment of white muscle fibers for cruising at 

lower speeds.  When an animal moves slowly, it uses only its slow, or red, muscle.  As 

the cruising speed is increased, more fast, or white, muscle is recruited.  At lower 

temperatures, a larger proportion of active white muscle is needed to maintain the same 

speed (Rankin & Jensen 1993).  The cost of this compensation is that a lower white 

muscle population is available for burst performance (Cossins & Bowler 1987).  This 

increased recruitment typically requires several weeks to take effect and leads to an 

increased sustained swimming speed (Rankin & Jensen 1993).  

Another method of compensating for reduced cruising speeds is an increase in red 

muscle mass.  Johnston and Lucking (1977) studied cross sections of goldfish muscle 

after three months acclimation to temperatures of 3°C, 18°C and 31°C.  At 3°C, aerobic 

muscle fibers accounted for 12.5% of total muscle mass.  At 31°C, the aerobic muscle 

mass was only 8.3% of total muscle.  The increased muscle mass was due to increases in 

the number and diameter of red muscle fibers from cold acclimation.  In a similar study 
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on striped bass conducted by Jones and Sidell (1982), the proportion of slow fibers was 

9.03% at 25°C and 15.03% at 5°C after 4 weeks of acclimation.  They found that after 

cold acclimation there was a decrease in aerobic and anaerobic catabolism of 

carbohydrates and an increase in aerobic catabolism of non-carbohydrates, primarily fat. 

During the winter, when food is scarcer, this switch allows the fish to use liver and 

mesenteric fat stores to supplement dietary lipids.  A 4-fold increase in hepatic lipid 

stores in cold acclimated striped bass further supports the belief that selective fat 

metabolism is important in cold acclimated muscle (Jones & Sidell 1982).  The 

preference for red muscle fibers in cold acclimated fish, rather than the progressive 

recruitment of white fibers, is beneficial for a number of reasons.  In cold acclimated fish, 

there is a progressive reliance on aerobic metabolism of fat in skeletal muscles.  Red 

muscle demonstrates enzyme compensation for aerobic metabolism, while white muscle 

fibers show none.  It is also suggested that the red muscle fibers may be favored because 

of environmental conditions during the winter.  At this time of year there is a reduction in 

prey and predators of the striped bass.  Predation and escape are primary uses of burst-

swimming.  In the absence of predators and prey, a reduction in white muscle fiber 

available for burst performance, does not pose a serious loss.  Furthermore, increase in 

time spent foraging for food requires extended use of red muscle, so their correlated 

promotion is beneficial (Jones & Sidell 1982).  

There is a trend in warmer temperatures for a progressive shift towards anaerobic 

metabolism in skeletal muscle (Hazel & Prosser 1974; Johnston & Lucking 1977).  At 

warm temperatures, as would be expected with increasing reaction rates, maximum 

swimming speed is increased.  If this increased energy demand were to be met through 
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aerobic processes, additional energy would be needed for ion transport across the gill 

epithelium, and for the respiratory muscles, since higher ventilation rates would be 

needed to fill the increased oxygen demand (Johnston & Lucking 1977).  By selectively 

using the anaerobic pathway, the O2 demand is reduced.  

Homeoviscous Membrane Adaptation

The activity of membrane-bound enzymes and diffusion rates across the cell 

membrane are highly contingent upon membrane fluidity.  A less constraining membrane 

makes it easier for an enzyme to undergo conformational changes and flexing during 

catalysis (Cossins & Bowler 1987).  In this way, increasing membrane fluidity increases 

the reactivity of membrane bound enzymes.  Similarly, the more fluid the membrane, the 

easier it is for molecules to diffuse through it.  This advantageous control of membrane 

fluidity is known as ‘homeoviscous adaptation’ (Cossins 1983).  

The number of unsaturated membrane lipids is the primary factor in the fluidity of 

the membrane.  The more unsaturated bonds in a fatty-acid chain, the higher the level of 

molecular flexibility.  This induced flexibility leads to disorder in the bilayer, disrupting 

the otherwise tight packing of lipids.  The rigidity of the membrane is also increased by 

its non-phospholipid composition, including increased protein and cholesterol content. 

Thus lipid bilayers exist in a state between an organized crystalline state and a 

disorganized flowing gel state.  Colder temperatures tend to push the membrane into the 

constraining crystalline state, while warm temperatures progress it towards the gel state. 

Homeoviscous adaptation is primarily achieved by selection for or against unsaturated 
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lipids.  This method of increasing fluidity is very common and has been shown in many 

species (Cossins 1983).  However, it does not always completely counter-act the effects 

of temperature.  The adaptation may fall under any of Precht’s (1958) five levels of 

compensation (listed above).  The relative capacity of the adaptation is termed 

‘homeoviscous efficacy’ and can be expressed as a percentage of total compensation, 

with 100% being an ‘ideal’ compensation and 0% being no compensation at all (Gracey 

et al. 1996).   Alteration in lipid saturation is generally a slow adaptation.  Cossins et al. 

(1977) studied the response time in membrane fluidity adaptation in goldfish brain 

synaptosomal membranes.  In 5°C-acclimated goldfish transferred to 25°C, it took 10-15 

days for membrane fluidity to match that of 25°C-acclimated specimens.  In 25°C 

acclimated goldfish transferred to 5°C, the adaptation of membrane fluidity changed very 

little over the first 20 days and then proceeded to change sharply over the following 10 

days to a level similar to 5°C acclimated specimens.  These studies on synaptosomal 

membranes indicate that homeoviscous adaptations during acclimation are important to 

the nervous system (Cossins et al. 1977).   Methods of altering membrane fluidity vary 

widely among species and involve numerous biochemical pathways.  Many species likely 

achieve compensatory changes by means of a variety of mechanisms, many of which are 

poorly understood (Thompson 1983; Gracey et al. 1996). For this reason, they will not be 

discussed in depth here.
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Osmoregulation

Changes in ion balance and blood pH resulting from changes in temperature are 

vary widely among fish species.  As would be expected, freshwater and saltwater fish 

require a number of different mechanisms to manage the difficulties presented by their 

environments.  Both saltwater and freshwater species respond to changes in body fluids 

by increased glomerular filtration and urine flow.  In freshwater, this action is to excrete 

the excess water being taken up, but it also leads to a further increased loss of ions 

through the urine.  Conversely saltwater fish excrete excess ions diffusing into the body 

as well as increasing water uptake (Houston 1973).  Changes in respiratory surface area 

are also commonly made following modified oxygen demands.  At high temperatures, 

there is a significant increase in the respiratory surface area in crucian carp and goldfish. 

These increases in surface area increase the rate at which diffusion from the environment 

takes place (Crockett & Londraville 2006).  

Evidence has also been found of passive compensations for ion regulation.  In 

freshwater carp at high temperatures, an increased blood ammonia concentration is 

detected (Houston 1973).  There is an uptake of sodium and chloride ions that appears to 

result in part from diffusional exchanges with ammonia across the gills.  This presents an 

efficient way of increasing passive ion uptake during the process of nitrogenous waste 

excretion.  When comparing carp at 20°C to those at 7°C, the warmer fish have twice the 

blood ammonia concentration and 3 times the branchial ammonia excretion (Houston 

1973).  
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Similar osmotic changes occur throughout the body fluids.  A comprehensive 

view of this topic requires taking into account the variety of mechanisms, the vast 

variation among species, and the poor understanding of the significance of each 

mechanism in osmoregulation related to temperature change.  Given these factors, such a 

discussion is beyond the scope of this study.  It is important to note though that most fish 

tested show active adaptations in response to changes in body fluids and are capable of 

stabilization after shifts in temperature (Houston 1973).

Behavioral Changes

Physiological adaptations to the nervous system occur through the use of 

previously mentioned mechanisms, including enzyme and homeoviscous membrane 

adaptations (Prosser & Nelson 1981).  The nervous system mediates temperature sensing 

and changes in behavior which occur with a change in temperature.  The basic response 

of a mobile organism to a temperature change, particularly a large one, is to avoid it. 

Over the range of normal temperatures for a species, fishes will initially select for the 

temperature they are currently acclimated to.  Given adequate time, there is a shift in 

preference towards a final preferred temperature; this temperature is usually where the 

species’ metabolic and neural processes are its their most efficient.  The behavioral 

selection for preferred temperatures is a function of the preoptic region of the brain 

(Prosser & Nelson 1981).  Nelson & Prosser (1979) conducted studies on goldfish and 

green sunfish in large tanks with a temperature gradient from 2°C to 30°C.  Fish 

preferentially chose the temperature zone they were acclimated to and maintained a 
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relatively constant body temperature.  Where lesions were made into the preoptic lobe on 

experimental subjects, no temperature selection was made and migration between zones 

was erratic (Prosser & Nelson 1978).

Resistance Adaptations

As mentioned above, resistance adaptations, including hardening and shock, are 

adaptations made to stressful changes or extremes of temperature.  When exposed to a 

stressor such as temperature extremes, a series of biochemical and physiological changes 

occurs in an attempt to cope with the disturbance and bring the animal back to a 

homeostatic state (Iwama et al. 2006; Barton 2002).  Many of these changes are part of a 

non-specific stress response.  If the stressor is overly severe or long term, return to 

homeostasis may be prevented, and a maladaptive state associated with ‘distress’ may 

result (Barton 2002).  The varying stress responses are commonly broken into three 

groups, primary, secondary, and tertiary, based upon their induction.  The primary 

response is the initial response to a stressor.  In response to temperature changes, it is 

characterized by the initiation of an endocrine and neuroendocrine response which 

includes the rapid release of stress hormones, catecholamines and cortisol, into 

circulation (Iwama et al. 2006).  The secondary response is in part triggered by the 

primary response and is responsible for various biochemical and physiological changes 

associated with stress (Iwama et al. 1999).  The tertiary response is a whole organism and 

population level response.  These responses can be physiological and behavioral and 
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include developmental changes and changes in disease resistance, habitat use, feeding 

behavior and migration patterns (Iwama et al. 2006; Barton 2002). 

The release of circulating catecholamines is the fastest of the primary stress 

responses.  Increased levels are observed in thermally stressed fish and are shown to be 

influential in moderating thermal stress (Bonga 1997; Currie et. al. 2008). 

Catecholamines include epinephrine and norepinephrine (primarily epinephrine in 

teleosts).  Catecholamines assist in blood oxygen transport and mobilization of energy 

substrates, allowing for the increased metabolic rate often associated with the fight or 

flight response.  Storage of catecholamines takes place primarily in chromaffin cells 

concentrated in the chromaffin tissue of the head kidneys in teleosts (Bonga 1997; Barton 

2002).  These chromaffin cells are innervated by sympathetic nerve fibers which 

stimulate cholinergic receptors, triggering the release of catecholamines.  Stimulation by 

these nerves fibers plays an obvious and significant role in the release of catecholamines, 

but there is evidence that there are other triggering influences as well.  It has been 

suggested that a number of chemoreceptors may also trigger catecholamine release 

(Randall & Perry 1992).  Because of the direct nerve control of the release of stored 

catecholamines the circulating levels begin to rise immediately following stress (Barton 

2002).  

Cortisol production is initially triggered in the preoptic area and has a longer 

reaction time due to a multi-step pathway to synthesis in the head kidney.  The activation 

(30 seconds after exposure) of the preoptic area during acute cold shock triggers the 

release of corticotrophin releasing hormone (CRH).  Circulating CRH triggers the 

production of adrenocorticotropic hormone (ACTH) from the pituitary, which is activated 
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90-120 seconds after exposure.  ACTH stimulates the kidney to release cortisol, a 

common stress hormone which is responsible for triggering many of the secondary 

responses to stress.  The activation of these sites, paired with the partial isolation of the 

brain from circulation, may help to maintain brain function, with a focus on enabling the 

stress response and subsequent behavioral changes often associated with acute drops in 

temperature (Van den Burg et al. 2005).  Van den Burg et al. (2005) noted this method of 

activating cortisol production in the common carp in response to cold shock.  Further 

extensive historical data supports this pathway for other fish species (Donaldson 1981). 

A study of stress response in tilapia by Balm et al. (1994) showed that ACTH was not 

necessary for increased cortisol production.  In their experiment, CRH and cortisol levels 

both increased dramatically following stress, but there was no ACTH surge (Balm et al. 

1994).  The method for cortisol activation without the involvement of ACTH is not well 

understood, despite studies into the phenomenon (Pepels et al. 2004).

Protecting the Brain from Temperature Changes

As mentioned previously, the central nervous system, and in particular the brain, 

are the most sensitive systems to temperature fluctuations.  Van den Burg et al. (2005) 

studied the response of the common carp brain after a drop of 10°C of ambient water 

temperature using high-resolution functional magnetic resonance imaging.  They found 

that after 90 seconds of exposure to the temperature drop, there was a significant drainage 

of blood from the brain.  Reduced circulation of blood to the brain reduces the exposure 

of the brain to cold water from the gills, slowing the change in brain temperature.  The 
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brain is further protected by a thick layer of insulating fat which shields it from the 

external environment.  Isolating the brain from changes in temperature is known to be 

important from studies on swordfish.  Swordfish use only cranial endothermy to allow 

them to swim rapidly across gradients up to 19°C with no harm (Van den Burg et al. 

2005).  Reduced blood circulation in the brain also results in a decrease in available blood 

oxygen.  It is reasonable to assume that this reduction of blood oxygen may lead to a 

reduction in potential neuronal activity.  Despite this, many areas show increased activity 

following the drainage.  The preoptic area, involved with temperature detection and the 

stress response shows increased activity and an increased supply of blood.  The midbrain 

tegmentum shows a contrasting deactivation and drop in blood supply.  The pituitary 

gland also experiences a similar change in activity following acute temperature change. 

The pituitary gland is important because of its role in the reception of neuroendocrine 

signals from the preoptic area and the activation of the correlating endocrine signal which 

affects processes throughout the body.  The pituitary pars distalis, associated with the 

stress response, demonstrates an increase in activity and oxygen supply while the pars  

intermedia shows a correlated deactivation (Van den Burg et al. 2005).  

Increasing Oxygen Availability

Providing energy for compensation mechanisms is essential to survival after 

extreme temperature change and for returning the body to homeostasis at a tolerable 

temperature.  During an episode of thermal shock, the generalized stress response is 

triggered to provide for this demand.  Catecholamines play an integral role in increasing 
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oxygen availability throughout the body during stress.  The stimulation of β-andrenergic 

receptors by catecholamines plays a role in increased ventilation rate, stimulation of 

branchial blood flow, increased branchial oxygen diffusion capacity, and increased blood 

oxygen transport capacity (Hoar et al. 1992).  Gill diffusion capacity is increased as a 

result of increased dorsal aortic blood pressure resulting from an increase in circulating 

catecholamines.  This blood pressure increase causes the gill blood sheet to increase in 

volume providing better distribution in the lamellae (Hoar et al. 1992).  Blood oxygen 

transport capacity is increased through changes in blood pH.  In rainbow trout, 

epinephrine has been shown to trigger a β-adrenoreceptor that stimulates Na+/H+ 

exchange and inhibits Cl-/HCO3
- exchange across plasma membranes.  The result is 

acidification of the blood plasma and alkinization of the blood cell cytoplasm (Bonga 

1997).  This increases the affinity of hemoglobin for oxygen, resulting in improved 

oxygen transport.  Increased blood hemoglobin count is also triggered by catecholamines. 

When a α-adrenoreceptor in the spleen is activated, it triggers contraction of the spleen. 

This contraction releases stored red blood cells into circulation (Randall & Perry 1992). 

Many of these factors are also affected by other stimuli, and the total extent of 

catecholamine-triggered activation is unclear (Bonga 1997).  

Increases in ventilation and heart rates are both critical for meeting the increased 

oxygen demand.   The significance of the role of catecholamines in ventilation rate and 

heart rate are both areas of controversy.  While many studies have shown that 

catecholamines play a role in altering these rates, there is also strong evidence for a direct 

neuronal aspect of control (Randall & Taylor 1991; Cameron & Connor 1979).  In studies 

on ventilation rate, it appears that alterations in rate initially appear too quickly to be 
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triggered by circulating catecholamine levels acting on chemoreceptors in the gills.  But, 

there is also evidence that the occurrence of catecholamines in the medulla triggers 

respiratory control neurons to increase ventilation rate (Randall & Taylor 1991).  For 

cardioregulation, there is similarly data indicating a combination of mechanisms. 

Numerous studies have also produced evidence that cardioregulation is controlled by 

neural and hormonal mechanisms (Cameron & Connor 1979).  In both cases, it is clear 

that our understanding of these competing control mechanisms is severely lacking and 

that further study will be necessary to determine the relative importance of each (Randall 

& Taylor 1991; Cameron & Connor 1979).  

The production of glucose is also increased to provide needed energy substrates 

during periods of stress.  Catecholamines and cortisol also play roles in increasing blood 

glucose levels.  The resulting stress induced hyperglycemia is noted in many teleosts. 

Epinepherine triggers an andrenergic response in the liver, resulting in a release of 

glucose into the blood stream through glycogenolysis (Bonga 1997; Iwama et al. 1999). 

Catecholamine and cortisol induced gluconeogenesis also plays a smaller role in the 

production of blood glucose (3-20%) (Bonga 1997; Vijayan et al. 2003).  The importance 

of this role may increase as hepatic glycogen for glycogenolysis is depleted (Bonga 

1997).  
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Heat Shock Proteins

It has long been known that HSPs play a role in mediating stress.  Early methods 

of identifying HSPs were inadequate, and their role was poorly understood so that much 

of the early work in this area does not stand up to current review.  With new methods for 

visualizing HSPs, what were previously assumed to be individual types of HSPs have 

now been shown to represent entire families.  These families vary in distribution within 

the cell, by degrees of inducibility, by kinetics of induction and removal from the cell, 

and by differences in tissue specificity (Iwama et al., 1999).  The families are categorized 

by their molecular mass (kilodaltons, kDa), with the three major families being: HSP90 

(85 to 90 kDa), HSP70 (68 to 73 kDa), and low-molecular-weight HSPs (16-24 kDa). 

HSPs 70 and 90 are active in low concentrations in cells during unstressful periods. 

During these periods, HSP70 prevents folding during transport of proteins across 

intercellular membranes and assists in protein folding and unfolding as well as the 

disposal of defective proteins.  HSP90 functions as a molecular chaperone transporting 

hormones to their receptors as well as assisting in protein folding and disposal 

(Shamovsky & Nudler 2008).  During periods of stress, these HSPs act to refold mis-

folded proteins, prevent protein aggregation and trigger the disposal and recycling of 

damaged or defective proteins.  Low-molecular-weight HSPs are only seen when induced 

by stress (Shamovsky & Nudler 2008).  

HSP70 production results from the binding of activated heat shock transcription 

factor (HSF) to promoter regions, called heat shock elements (HSE), in front of the heat 

shock genes.  The major heat shock genes contain no introns, allowing for messenger 

RNA to begin translation into new proteins within minutes of activation (Iwama et al. 
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1999).  The HSF1 is responsible for expression of HSP70 in response to stress.  The 

inactive monomeric form of HSF1 in the cytoplasm or nucleus is activated by a stressor 

through an unknown trigger and mechanism.  The trigger causes the monomeric HSF1 to 

trimerize, which facilitates binding to the HSE of the HSP70 gene promoter, stress 

induced phosphorylation, and activation of HSP70 transcription which results in HSP70 

expression.  As the HSP70 completes its task, the concentration of free HSP70 increases. 

The free HSP70 binds to the HSF1, releasing it from DNA and dissociating it back to an 

inactive monomeric form.  HSF1 and HSP70 have been shown to be dominant in 

response to thermal stressors.  HSF1 is the dominant transcription factor for most heat 

shock genes (Iwama et al. 1999).

It has been suggested that HSP expression may be controlled by an interaction 

termed the “cellular thermometer” (Craig and Gross 1991).  There is an equilibrium 

between heat-shock transcription factor-1 and several HSPs which serve as repressors of 

HSF1 activation.  Under non-stressful conditions these HSPs preferentially bond with 

HSF1, repressing its activation.  Under stressful conditions, the HSPs preferentially bind 

to denaturing proteins, releasing HSF1 and allowing for the subsequent activation of HSP 

synthesis (Tomanek & Somero 2002).  Several studies have been presented which show a 

link between acclimation-induced temperature variation in HSP synthesis and changes in 

the endogenous levels of HSPs available to repress HSF1 activation (Craig & Gross 

1991; Morimoto 1998).  While these findings give strong support for the “cellular 

thermometer” in controlling HSP response within a species, they have not explained 

variations observed in comparisons of different species.  It is clear that the “cellular 
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thermometer” is only one method of HSP regulation and that there are clearly other 

activators involved (Tomanek & Somero 2002).  

A newly-suggested mechanism for HSF regulation involves translation elongation 

factor, eEF1A, and a novel non-coding RNA, HSR1, working together to activate HSF in 

response to heat shock (Shamovsky & Nudler 2008).  In studies done of cells depleted of 

HSR1, a severe impairment of the heat shock response was noted.  In vitro studies have 

shown that HSR1 and eEF1A are capable of activating HSF1 at physiological 

concentrations.  Furthermore, this activation can be triggered by physiologically relevant 

temperature increases.  These data give credence to the proposal that HSR1 may function 

as a thermosensor and that changes in its structure result from changes in temperature. 

Evidence for a similar RNA-regulated thermo-response has been noted in a few bacteria, 

although with different mechanisms.   In fish it has been proposed that during non-

stressful periods, eEF1A functions in cytoskeleton organization when, in response to 

shock, the cytoskeleton collapses and eEF1A is released.  This release of free eEF1A may 

trigger the activation of HSF1 (Shamovsky & Nudler 2008).

Increases in circulating cortisol have been shown to also affect HSP abundance. 

Vijayan et al. (2003) treated rainbow trout with cortisol to simulate levels observed in 

chronically stressed fish.   The fish treated with cortisol had an increase in HSP90 mRNA 

abundance and showed an upregulation of the constitutive form of HSP70, hsc70 

(Vijayan et al. 2003).  Previous experiments showed that in the presence of high cortisol 

levels the HSP70 response to heat shock was inhibited.  It is possible this inhibition is 

due to the upregulation of hsc70.  With an upregulation of hsc70, an increase in the stress 

threshold may act to reduce the need for the HSP70 response (Iwama et al. 2006).  The 
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increased stress threshold and consequent limited HSP70 expression conserves glucose, 

providing energy for various aspects of the stress response (Vijayan et al. 2003).  

Future study on HSPs is necessary to understand their importance in the cold 

shock response.  An activated HSP response is found in most fish when they are exposed 

to cold, but an understanding of HSP functions in this situation is lacking.  In some polar 

stenotherms, the stress-induced HSP expression is absent (Hofmann et al. 2000).  This 

finding suggests that the need for HSPs in cold does not exist, as it does for heat 

(Donaldson et al. 2008).  Further studies into HSP expression with exposure to heat and 

cold will provide information helpful to fully understanding their various functions.

Determining Upper and Lower Temperature Tolerances: A Review of Methodologies-

Using data obtained from studies on a species’ thermal tolerance, it is possible to 

get an understanding of its thermal physiology.  This information can be used to assess 

the effects of thermal phenomena such as climate change and thermal pollution from 

man-made sources and to project limits of expansion for fish introduced to new areas 

(Maya & Mora 2006).

There are a few common methods for conducting temperature tolerance 

experiments in the laboratory.  For thermal limit tests, the basic objective is to provide a 

simple data set that provides a mean or median temperature at which a selected 

percentage of fish can no longer survive after a predetermined period of time (Brett 

1956).  There are three main methods for determining this point: Incipient lethal 

temperature (ILT), and critical thermal (CTM) and chronic lethal (CLM) methodologies 
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(Beitinger et al. 2000).  In ILT tests, temperatures are static.  A subject is taken from its 

pre-experiment acclimated temperature and plunged directly into the new temperature, 

with death as the endpoint.  The CTM method uses a dynamic temperature, gradually 

modified at a defined rate (usually faster than 1°C/day) until the experimental endpoint is 

seen (Beitinger et al. 2000). CLM tests are similar to CTM tests, but use a slower rate of 

temperature change (greater then 1°C/day), and death is the predominant end point.   

CTM tests are favored because of their relatively small time and material costs. 

They can be conducted on a single population of animals and can be completed in less 

than a day.  ILT tests require large population sizes with different groups being plunged 

into an array of temperatures until a temperature is found where the death of 50% is 

obtained.  Due to differences in end points and experimental techniques, these two test 

types provide important data on temperature tolerance.  

In either type of experiment, the pre-experiment acclimated temperature is 

important to the results of the study.  Pre-experiment acclimation temperature can have a 

great effect on the results of thermal and lethal limit tests.  For data to be useful, it is 

necessary to state the temperature the experimental animal has been acclimated to, and 

for how long.  As temperature of acclimation increases, there is a correlated increase in 

lethal temperatures.  In goldfish, Brett (1946)  determined that for every 3°C change in 

acclimation temperature, the upper lethal limit increases by 1°C and the lower lethal limit 

increases by 2°C.  This rate of change varies among species.  The speckled trout 

(Salvelinus fontinalis) requires a 7°C change in temperature to exhibit a 1°C change in 

lethal temperature (Brett 1946).  The correlation between lethal temperature and 

acclimation temperature is not constant throughout a full range of acclimation.  As the 
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acclimation temperature approaches the lethal limit, the amount of tolerance gained levels 

off to zero (Brett 1946).  The rate at which these acclimations occur is also variable. 

Acclimation to high temperatures is a relatively rapid process, requiring less than 24 

hours in most fish.  Conversely acclimation to colder temperatures is a relatively slow 

process, requiring 20 or more days to complete.  These phenomena can be explained by 

the effect of temperature on the metabolic processes which control acclimation (Cossins 

& Bowler 1987).  

Tolerance polygons

If enough data are collected on the thermal limits of a species, a temperature 

tolerance polygon can be constructed.  A temperature tolerance polygon displays the 

upper and lower lethal limits for a 

species at all acclimatable 

temperatures.  It is based on data 

gathered from thermal limit tests. 

Thus, a tolerance polygon shows the 

upper and lower limits for 50% of a 

species at all acclimated temperatures. 

The area contained in the polygon is 

defined as the zone of tolerance and its 

area (expressed in °C2) is a direct 

indication of the eurythermy of the 
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Figure 1:  Tolerance polygons for the sheepshead 
minnow determined via CTM and ILT methods (from 
Beitinger et al. 2000).



species.  It is a visual respresentation of the capacity of acclimation to help a species 

survive at a range of temperatures.  Due to the inherent differences between CTM and 

ILT tests, their respective polygons vary in size.  Figure 1 contains CTM and ILT 

tolerance polygons for the sheepshead minnow determined by Bennet and Beitinger 

(1997), for comparison.  The differences in higher and lower temperature tolerances can 

be attributed to the length of exposure.  At lower temperatures, a longer exposure time is 

needed for temperatures to cause notable physiological effects (loss of equilibrium or 

death).  Given the prolonged exposure and predeath endpoint, the lower thermal limit was 

higher in CTM experiments.  At higher temperatures, delay between a pre-death endpoint 

and death is significantly reduced and further adaptations to upper temperatures are 

increasingly rapid.  These factors cause CTM to display high upper thermal tolerances. 

Overall the CTM tolerance polygons were found to be 5% larger (Beitinger et al. 2000; 

Bennet & Beitinger 1997).

 Temperature tolerance polygons were first created by Fry and his team in the 

early 1940’s using data from ILT experiments (Beitinger et al. 2000).  Since then, 

tolerance polygons have been determined for less than 40 species, with the first from a 

CTM experiment not being determined until 1997 (Bennet & Beitinger 1997). 

Critical Thermal Methodology

Critical thermal methodology tests tend to be the most common of the three major 

temperature limit tests.   In a CTM test, an animal is acclimated to a chosen pre-

experiment temperature, and the temperature is gradually changed at a rate fast enough to 
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prevent the animal from gaining significant temperature tolerance.  The endpoint is pre-

death, typically marked by the loss of the ability of the animal to escape lethal conditions. 

Critical thermal limit tests provide information in the form of critical thermal 

maximum (CTmax) and critical thermal minimum (CTmin), describing respectively the 

upper and lower critical temperatures.  This is a departure from previous experiments by 

Becker & Genoway (1979) who chose to use the term CTM as both the method and the 

parameter.  Following Beitinger et al.’s suggestion, the term CTM will be used to 

describe the method in the present study, with CTmax and CTmin reserved for defining 

thermal points.  A popular definition suggested by Cox (1974) states, “The critical 

thermal maximum or minimum is the arithmetic mean of the collective thermal points at 

which locomotory activity becomes disorganized and the animal loses its ability to escape 

from conditions that will promptly lead to its death when heated (or cooled) from, a 

previous acclimation temperature at a constant rate just fast enough to allow deep body 

temperature to follow environmental test temperatures without a significant time lag.” 

This definition is cited in the majority of publications related to CTM studies involving 

fishes. (Beitinger et al. 2000)  The Cox definition has two major gaps that have led to 

points of contention.  First, it does not thoroughly define what characteristics indicate the 

point of locomotory disorganization.  Second, it does not directly state what the rate of 

temperature change should be, only what physiological responses should define it.  These 

two points have since been thoroughly studied and discussed (Beitinger et al. 2000).  The 

results of experiments conducted in an attempt to define a standard will be presented and 

the popular suggestions will be discussed. 
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Experiments similar to contemporary CTM studies were conducted by Huntsman 

& Sparks (1924), in their studies on marine fishes and invertebrates exposed to 

temperature increases of 0.2°C/min, with death as the endpoint.  The modern CTM test 

was first conducted by Cowles & Bogert (1944) in their studies on the longjaw 

mudsucker (Gillichthys mirabilis) in 1944. They combined dynamic temperature changes 

with a sublethal endpoint.  Many of the fish, in fact, recovered when returned to less 

extreme temperatures (Cowles & Bogert 1944).  The data gathered would now be defined 

as the critical thermal limits. (Beitinger et al. 2000)      

Endpoint

The definition for CTM experiments states that the key aspects of a sublethal 

endpoint are near lethal temperatures, which cause locomotion to become disorganized, 

and that if test fish are returned to their pre-experiment acclimation temperature, they will 

survive.  A number of different sublethal endpoints have been tested and suggested. 

Included in these endpoints are onset of muscle spasms (Matthews & Maness 1979), loss 

of equilibrium (Watenpaugh et al. 1985), flaring of the operculars (Middaugh at al. 

1975), non-reaction to physical stimuli (Heath et al., 1994), and combinations of the 

above (Hassan & Spotila 1976; Bonin & Spotila 1978; Beitinger et al. 2000). Of these, 

onset of muscle spasms, and to a much greater extent the loss of equilibrium, are most 

commonly used.  Both of these show an obvious disorganization of locomotory functions, 

impairing the animal’s ability to escape detrimental conditions.   Onset of muscle spasms 

has the flaw of not being exhibited in CTminimum tests, so it must be reserved for 
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studies on heat death.  Further, it tends be less distinct and not always reliable (Becker & 

Genoway 1979; Beitinger et al. 2000). Loss of equilibrium is shown in CTminimum and 

CT maximum tests and strong evidence has been provided for its legitimacy as an 

endpoint.  It can be used for fish which are semibuoyant and possess fins to remain 

dorso-ventrally upright, and which are usually just off the bottom in the water column.  A 

comparison of numerous CTmaximum studies with loss of equilibrium as the endpoint 

exhibit that standard deviation was usually less then 1°C in each experiment (Beitinger et 

al. 2000).  This small standard deviation suggests that loss of equilibrium is a reliable and 

accurate symptom for determining CTmaximum.  For most CTM experiments, loss of 

equilibrium has become the standard endpoint, but this point is still subjective and lacks 

standardization.  Most studies on fish use ‘final’ loss of equilibrium as the endpoint.  At 

this point, the animal can no longer return to an upright position due to loss of 

coordination.  ‘Initial’ loss of equilibrium is used in some tests, marking the point where 

the fish first loses balance and turns on its side or completely over, but may still be able 

to recover.  Some studies may also report only a loss of equilibrium without further 

specification.  With an increase in temperature at a rate of 1°C/min, the difference 

between these specifications can exceed 2°C.  At slower rates, the precise form of loss of 

equilibrium may be less important but is still worth noting (Becker & Genoway 1979). 

The ‘final’ loss of equilibrium is the most appropriate endpoint, since it best fits the CTM 

definition, marking the point where the animal has lost its ability to escape from harmful 

conditions (Becker & Genoway 1979).
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Rate

When CTM studies were first conducted, they received criticism for the varied 

CTminimum and CTmaximum data they provided depending on the rate of temperature 

change.  In some of the early experiments such as Huntsman & Sparks (1924), 

temperature rates were inconsistent and these criticisms had validity.  The first studies 

exposing a single species to multiple consistent rates of temperature change were 

conducted by Cocking (1959).  Cocking (1959) exposed the roach (Rutilus rutilus) to five 

consistent rates of temperature change ranging from 0.05°C/hour to 0.8°C/hour and 

recorded temperature at death.  Cocking’s study yielded results of temperature at death 

ranging from 31.4°C to 32.9°C.  Determining the rate at which temperature should be 

changed has since been thoroughly studied.  Following the CTM definition, the rate of 

temperature change must be rapid enough to prevent the animal from acclimating during 

the trial, but slow enough to prevent the core temperature of the animal from lagging 

behind the temperature of the environment (Becker and Genoway 1979).  If an 

experiment is conducted too fast or too slowly the resulting critical temperatures will be 

biased toward their respective higher or lower temperatures.  At fast rates, with the 

internal temperature lagging behind the actual temperature, the endpoint will be overshot. 

With rates too slow, there are two possible outcomes.  Evidence has been provided that in 

many species, slower rates in CTM experiments lead to lower CTmaximum and higher 

CTminimum.  This is a result of exposure time over rate.  The longer the animal 

experiences the temperature, the more detrimental effects the temperature can have 

(Beitinger et al. 2000).  Conversely, given that adaptations to heat are dramatically 
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quicker than adaptations to cold, it has been shown in insects that a reduced rate of 

chilling gives the animal adequate time for hardening to take place (Sinclair et al. 2003).

For fishes, the available data on CTmaximum tests is much broader than that for 

CTminimum.  In a literature review by Beitinger et al. (2000), 74 papers were reviewed. 

In the papers, CTmaximum for 108 fishes (96 species, 7 subspecies and 5 hybrids) was 

presented, while CTminimum data was only provided for 21 fishes (15 species, 3 

subspecies and 3 hybrids).  Of those 74 papers, 61 reported only CTmax, 5 contained 

only CTmin, and 7 contained data on both.  This significant disparity of data between 

CTmin and CTmax can be explained by a number of attributes associated with CTmin 

tests.  In CTmin, maintaining a consistent swift rate of temperature decline proves to be 

difficult at lower temperatures, particularly in temperate species which often have a 

CTmin near 0°C.  Most species in North America are temperate and share a CTmin near 

0°C, whereas the upper thermal limits vary among species.  Despite this, more fish kills 

in nature result from exposure to cold temperatures than to hot (Beitinger et al. 2000).  

In a review of 604 papers by Lutterschmidt and Hutchison (1997), rates in 

CTmaximum tests between 10°C/min and 1°C per 3.5 days were reported. 

Recommendations for heating rates have been suggested for .3°C/min (Becker & 

Genoway 1979), 1°C/min (Lutterschmidt & Hutchison 1997) and 1°C/h (Maya and Mora 

2006 ).  All of these temperature changes were argued to be quick enough to prevent 

acclimation, but slow enough to prevent core body temperature from lagging (Maya & 

Mora 2006).  In a review of rates by Maya and Mora (2006), these suggested rates and 

others were compared among species.  The results of the experiment indicated that the 

highest CTmax for each species did not necessarily occur at the same rate.  This can be 
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attributed to a known variation in speed of acclimation between species and the rate of 

temperature penetration given variations in surface to volume ratio.  While it would be 

ideal to have a standard rate that could be followed for all species, this rate may not 

provide the most accurate CTM data for each individual species.  Maya and Mora (2006) 

suggest that a standard rate for heating is not necessary or appropriate given the 

differences among species.  In order to obtain the most accurate CTM data for a species it 

would be necessary to test a range of heating rates and pre-experiment acclimated 

temperatures.  It can be presumed that a similar situation would exist in CTmin tests.

Incipient Lethal Temperature

The incipient lethal temperature (ILT) technique is the second most common 

thermal limit test.  The ILT method involves taking groups of fish acclimated to different 

temperatures and plunging them directly into a series of temperatures estimated to be 

close to the upper and lower thermal limits of the species.  Each group is tested for 50% 

mortality over a predetermined period of time at the given temperature.  To get a 

complete picture of a species thermal tolerance with this method it is necessary to have a 

number of groups at different pre-experiment acclimation temperatures.  At each 

acclimation temperature, there must be a separate group for every static temperature into 

which they are to be plunged.  Each group is plunged into its respective temperature until 

50% death is recorded or the chosen length of exposure is complete (Beitinger et al. 

2000).  The period of time before death is called ‘the resistance time’ (Brett 1956).  The 

ILT method gives a few different results.  The incipient upper lethal temperature (IULT) 
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and the incipient lower lethal temperature (ILLT) reflect the temperature(s) at which 

prolonged exposure (usually days) causes the death of only 50% of the population 

(Cossins & Bowler 1987; Baroudy & Elliot 1994).  The upper and lower ultimate 

incipient temperatures (UUILT and LUILT) are the temperatures at the maximum range 

of acclimatability.  They represent the point where further acclimation is not possible and 

death is inevitable (Cossins & Bowler 1987).  The ultimate incipient lethal temperature 

usually coincides closely with the critical thermal limit and represents a point where 

death occurs swiftly (Cossins & Bowler 1987; Baroudy & Elliott 1994).  It is common to 

run a CTM test prior to an ILT test to get an estimate of the limits of a given species, 

information which is necessary for choosing the range of temperatures to which the 

animal is to be plunged.  While this method requires large numbers of fish, it does 

provide a very thorough picture of a species’ temperature tolerance at a range of 

acclimated temperatures.  This large pool of data lends itself to the creation of tolerance 

polygons.

Exposure time

The length of exposure that each group experiences at a given temperature is 

decided upon prior to the experiment.  This period of time is chosen to give time for 

delayed effects of temperature to take effect.  During their early experiments in the 

1940’s, Fry et al. (1942) had suggested that 14 hours was a sufficient length of time to 

allow for delayed effects of temperature.  In 1971, he changed his opinion, stating that a 

true idea of long term effects of temperature would require a study lasting the whole 
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lifespan of the subject.  While this may be true, it is an unreasonable temporal variable 

for conducting experiments.  Researchers conducting ILT experiments have used a wide 

range of exposure times from 12 hours to 20,000 minutes.  The most commonly chosen 

time spans have been 12, 24 and 48 hours.  Beitinger & Bennet (1997) tested for the 

differences between tolerance polygons based on differences in exposure times and found 

that like rate of temperature change in CTM experiments, the exposure time can have a 

large effect on results.  At exposure times of 12, 24 and 48 hours, the areas contained 

within the ILT tolerance polygons were 1380, 1251 and 1118°C2 respectively (Beitinger 

et al. 1999).  Based on these data, it is clear that comparison between ILT experiments 

with different exposure lengths is less than adequate for comparing tolerance between 

species.  Given varying tolerances during seasons and life-span as well as the 

increasingly negative effects of long term exposure, determining a proper exposure time 

for ILT tests is difficult.  Because of this it is unlikely that any standard will be 

developed.  

Despite the large pool of data obtained from ILT experiments, there are a number 

of critical flaws that have lead to them being less commonly performed.  The greatest 

problems for these experiments include those previously mentioned, extensive time and 

resource requirements and the difficulty of determining the exposure time, as well as the 

physical act of plunging the fish into cold water.  The handling of the fish likely causes 

some degree of physical stress which may itself induce a level of stress response.  This 

additional stress makes it difficult to directly indicate which stress responses were 

directly caused by the temperature change.  Further, there is the issue of sudden thermal 

shock.  The sudden thermal shock of dropping a fish directly into a different temperature 
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causes an additional level of shock.  In most situations, it is rare for a species in the wild 

to ever encounter such a steep thermal gradient.  Thus, it is likely the data collected from 

ILT are only partially applicable to wild specimens (Beitinger et al. 2000).  

Chronic Lethal Methodology

Chronic lethal tests are the third method of thermal limit testing.  The major 

criticism of CLM tests comes from the slow rate at which the tests proceed.  The 

predominant rate is 1°C/day.  At this rate it is argued that the acclimation and long term 

effects of exposure have sufficient time to modify the tolerance limit.  These assumptions 

in theory have considerable merit.  Beitinger et al. (2000) reviewed 80 studies on 

dynamic temperature tolerances of North American fishes.  Of these studies, only one 

conducted critical thermal and chronic lethal tests on the same species.  This study was 

conducted by Fields et al. (1987) and looked at the upper temperature tolerance of two 

subspecies of largemouth bass, the Florida and the northern.  In each subspecies, 

specimens were acclimated to 32°C with groups undergoing CTMax and CLMax tests. 

The Florida subspecies showed a 2.7°C higher CTMax and the northern a 3.6°C higher 

CTMax.  These results suggest that in largemouth bass, the damage of prolonged 

exposure is greater then the acquirable acclimitizations at a rate of 1°C/day (Fields et al., 

1987).  In comparisons of investigations done by different researchers, Beitinger et al. 

(2000) found comparable studies for four species.  Of these studies, one showed a CLMin 

similar to CTMin, one showed a CLMax similar to CTMin, and two showed CLMax 

lower then CTMax.  The data from these different experiments, while not conclusive 

51



given small differences in methodology, suggest that the relation between chronic lethal 

limits and critical thermal limits may not be fixed.  It is likely that the ability to resist 

detriment from extended temperature exposure or to acclimatize varies among species 

(Beitinger et al. 2000).  

The prominent argument for CLM tests is that the slower temperature changes 

used may better simulate natural conditions.  Rapid temperature changes can occur with 

exposure to thermoclines, storm events or manmade thermal effluents, or in shallow 

water areas where daily temperatures can fluctuate drastically or other similar events. 

Outside of these circumstances it is common for temperatures to remain relatively stable 

on a day to day basis.  Seasonal temperature changes in large bodies of water are gradual. 

In the wild, most species do not experience rates of temperature change near those seen in 

critical thermal tests, nor the direct plunges of ILT tests (Beitinger et al. 2000).  It is 

suggested by Cortemeglia and Beitinger (2006) that this type of experiment is best suited 

for determining overwintering potential for invasive species for these reasons.  

METHODS

Collection, Transport and Maintenance of Fish

The Mayan cichlids used in this study were collected from the southern 

Everglades in an area near the location of the first sightings of Mayan cichlids in Florida 

waters in 1983 (Loftus 1987).  The site of capture was adjacent to the Main Park Road of 

the Everglades National Park, approximately 10-12 miles from Flamingo and 

approximately 6 miles from Florida Bay (refer to Fig. 2).  This area is a shallow brackish 
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water wetland with tidal influence and an average maximum depth of 30 centimeters. 

The habitat is comprised primarily of small red mangrove (Rhizophora mangle) trees 

between 0.5 and 2.0 meters high. Salinity was low during these collection trips (2.2-

2.4‰), but during the dry season (March-June) the area can experience higher salinities 

(10-35‰) (Faunce et al. 2002).    

Fig. 2. Map of southeastern Florida, showing the collection site in Everglades National Park

(based on Faunce & Lorenz 2000)

Fifty-six specimens were collected during three separate collecting trips: on 

November 2, November 16, and December 7, 2008.   Collected specimens had an average 

standard length of 145mm, such size suggests an average age of 5 to 6 years (Faunce et 

al. 2002). Water parameters varied only slightly between collecting trips with salinities 

between 2.2ppt and 2.4ppt, temperatures between 22.8°C and 26.6°C, and pH between 

6.9 and 7.1.
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Specimens were collected with 6 and 8 foot diameter cast nets and transported in 

a 254-liter insulated transport container to the Pritzker Marine Biology Research Center 

at New College of Florida in Sarasota.  Transport time was 14 hours or less, during which 

time the water was constantly aerated.  While transporting, multiple partial water changes 

were conducted, approximately one every 3 hours, and Amquel was used to eliminate 

concentrations of metabolically produced ammonia.  When the fish arrived at Pritzker, 

they were acclimated to 19°C over a period of 2 hours.  Fish were distributed evenly 

between two 1080 liter insulated aquariums on the lower level of the lab (i.e. 28 each into 

experimental and control aquariums).  All fish survived transport and acclimation.  Being 

outside, the fish experienced a natural photoperiod.  Tanks were well-oxygenated using 

air stones.  The day following arrival, fish were treated with maracyn to remove parasites 

and feeding was started.  Fish were fed chopped shrimp once daily and any uneaten food 

was removed.  Fish were given a minimum of 30 days to fully acclimate to the 

temperature.  During the acclimation period, 20% water changes were made three times a 

week.  Throughout the experiment, all water changes were conducted using tap water 

with an addition of Amquel® to the system to remove chlorine, chloramines and 

ammonia.

Determining the Lower Thermal Tolerance

For this experiment, a modified CLM test was chosen.  The methodology used 

chronic exposure to temperature with a sublethal endpoint.  Chronic exposure was 
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favored because it more closely simulates natural conditions and because of its use in 

previous studies on invasive species of fishes in Florida.

After the acclimation period the temperature in one aquarium was gradually 

dropped by 1°C/day.  The other aquarium was maintained at 19°C for the control group. 

During the experiment, water quality of the insulated aquariums was maintained with 

daily water changes of ~10% by siphon until the temperature reached 13°C.  At 13°C 

water changes were stopped.  While the experiment was being conducted, daily water 

quality data was taken.  Data indicated water parameters were in an acceptable range for 

Florida freshwater fish. 

Temperature was controlled using an Aqualogic 400 watt chiller and a Process 

Technology 1800 watt titanium “L” heater, each controlled by Process Technology 

digital temperature controllers.  Temperature was maintained within +/- 0.5°C of the 

target temperature.  Temperature readings were recorded with an Extech Instruments 

39240 Waterproof Digital Thermometer to a tenth of a degree.  Fish were monitored for 

cessation of feeding, hyperexcitability and final loss of equilibrium.  Observations 

occurred 3-times daily, at 6:00pm, 2:00am, and 10:00am with temperature being dropped 

daily at 6:00pm.  After two attempts at feeding with nothing being consumed, food was 

no longer offered.  Hyperexcitability was recorded as a behavioral change in response to 

the stimuli of daily maintenance activities.  Hyperexcitability was considered a noticeable 

increase in fright responses, with burst of swimming, often leading to impact with tank 

walls.  Final loss of equilibrium was used as the endpoint for this experiment.  At this 

point, fish did not remain vertically oriented for more then a few seconds.  When final 

loss of equilibrium was noted in an individual fish during an observation, it was removed 

55



by net and euthanized with MS-222.  After the final observation where 50% or more had 

lost equilibrium, remaining fish were removed from the aquarium and euthanized.

RESULTS

The experiment was concluded following the final loss of equilibrium of 20 of 28 

of the subjects.  Due to the time period between observations (8 hours), and the rate at 

which the fish began to show symptoms, the target 50% was overshot.  Final loss of 

equilibrium was exhibited in 62.29% after 24 hours of exposure to 9°C.  The number 

displaying this symptom increased gradually with length of exposure to this temperature. 

In the first 8 hours, 5 exhibited final loss of equilibrium, followed by 6 more after 16 

hours, and an additional 7 after 24 hours.  

At 16°C, there was a notable decline in feeding with a complete cessation at 

14°C.  Prior to 16ºC, fish actively fed until all food was consumed.  Between 16ºC and 

14°C, fish came to the surface to get food but quickly lost interest.  At these temperatures 

very little food was eaten after reaching the bottom of the tank.  Fish began to show 

symptoms of hyperexcitability at 15°C, although this symptom was more difficult to 

diagnose.  At this temperature and below, movements were sluggish unless specimens 

were startled, in which case there was commonly erratic bursts of speed.
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  Standard Length* (mm)  Total Length* (mm)  Weight (g)

Exposure 
Time n Mean

Standard 
Deviation Range  Mean

Standard 
Deviation Range  Mean

Standard 
Deviation Range

8 Hours 5 164.6 13.7 36 210.6 15.0 39 188.2 33.2 93

16 Hours 6 144.8 18.8 53 188.5 24.6 72 140.0 51.2 149

24 Hours 7 141.8 18.6 42 189.0 27.6 72 118.4 45.5 121

Unaffecte
d

1
0

136.3         18.5       73  178.9         24.2       92  114.1         54.4     201

Table 1.  Time to loss of equilibrium at exposure temperature of 9ºC

* Standard length is a measurement from tip of nose to fork of tail.  Total length measures from tip

of nose to tip of tail

At the critical temperature there was a trend for larger specimens to lose 

equilibrium after a shorter exposure period (see table 1).  There were not enough data, 

and too wide a margin of error, to determine this conclusively, but it suggests a possible 

relation between increased size and lower cold tolerance.  Future studies are needed to 

verify this.  Fish that could be clearly sexed displayed no significant trends relating sex to 

temperature tolerance.

DISCUSSION & CONCLUSION

Controversy in defining acclimation

The definition of acclimation has been debated, with numerous papers being 

published in 2005 and 2006.  The definition of acclimation agreed upon by the 

Commission of Thermal Physiology of the International Union of Physiological Sciences 

(J. Thermal Biology Vol. 28, 2003: cited by Bowler 2005) reads: “Physiological and 

behavioral changes occurring within an organism, which reduces the strain or enhances 
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endurance of strain caused by experimentally induced stressful changes in particular  

climatic factors.”  This definition has since been criticized for several reasons.  It 

insinuates that acclimation is occurring because of stress, while this is not necessarily the 

case.  Acclimations often occur in non-stressful situations.  Seasonal adaptations to non-

stressful variations in temperature are seen in many species (Cossins and Bowler 1987). 

Another definition defines acclimation as a non-hereditary, usually reversible, adaptation 

by an individual to a single environmental factor in a well-controlled laboratory 

environment (Lagerspetz 2006; Hazel & Prosser 1974).  Defining acclimation as a 

response to change in a single environmental factor is agreed upon, but the definition 

lacks the inclusion of time.  It is used as an umbrella term for a varied pool of physiologic 

responses which occur over different temperature extremes and lengths of exposure.   The 

goal in redefining acclimation and its associated terms is the creation of a continuum of 

terms which describe the different conditions and sets of physiological responses as they 

occur with considerations of time (length of exposure), temperature (rate or degree of 

temperature change) and the associated levels of induced stress.  This continuum includes 

the terms cold and heat, acclimation, shock, and hardening (Bowler 2005; Loeschcke & 

Sorensen 2005; Sinclair & Roberts 2005). 

Bowler’s (2005) suggested definition for acclimation reads, “responses  

result from the long term (days or weeks) exposure to new conditions that are 

within normal viable limits. Acclimation results in not only the previously  

mentioned compensatory changes in membrane lipid composition, isoezyme 

expression, but also changes occur in cell morphology. All these are anticipatory 

of longerterm, gradual changes in environmental conditions, and so have been 
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suggested to contribute to increase the fitness of the organism under the new 

conditions (BAH [see below]). Significantly these changes in cell structure and 

biochemistry persist as long as the new conditions persist and are fully  

reversible.”

The main objections to this definition arise from the inclusion of the beneficial 

acclimation hypothesis (BAH), and the citing of specified mechanisms, in the definition 

for acclimation.  The BAH assumes that all changes from acclimation enhance the 

physiological performance or fitness of an individual organism.  Lagerspetz (2006), 

argues that the BAH should not be included in the definition and that the BAH cannot be 

assumed to be true.  Reviews of studies testing the BAH suggest that not all changes 

associated with acclimation are beneficial and that sometimes, beneficial changes come 

with associated costs (Lagerspetz 2006; Loeschcke & Sorensen 2005; Wilson & Franklin 

2002).  The inclusion of specified mechanisms defining acclimation should not be 

included definition until a better understanding of the relationships between acclimation, 

shock, and hardening can be achieved.  Combining the agreed upon parts of the numerous 

proposed definitions, and taking into account the points of contention, I suggested a 

modified version of Bowler’s (2004) definition.  The definition I have proposed follows 

his closely with the exclusion of specified mechanisms and the BAH.

Acclimation – The responses that result from long-term exposure to a new 

artificial condition that is within normal viable limits.  The resulting changes are 

anticipatory of longer-term, gradual changes in environmental conditions.  These changes 

persist as long as the conditions persist and are fully reversible.
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Chosen methodology-

Shafland and Pestrak (1982) provided CLM data on 14 non-native fish species in 

Florida.  They provide the most comprehensive data set of thermal minimums in Florida 

invasive fishes, particularly the cichlid species.  Their data includes initial temperature 

and the temperatures at which reduced feeding, loss of feeding, final loss of equilibrium, 

and death occurred for each species.  Final loss of equilibrium was chosen as the 

preferred endpoint in this experiment.  Given the strong evidence for the final loss of 

equilibrium as an appropriate endpoint for thermal limit studies and the availability of 

Shafland and Pestrak’s (1982) data for comparison, this was decided to be the appropriate 

endpoint for this present study.  

The design of this experiment did not include an investigation of the effect of 

salinity on temperature tolerance.  In the previous study by Stauffer and Boltz (1994 [see 

further below]), this combination of variables was tested in Mayan cichlids.  They 

conducted incipient lethal temperature studies on populations of age-0 Mayan cichlids. 

Their findings indicated that salinity did not have a significant effect on low-temperature 

in this species.

Lower critical temperature

Results of previous studies differ slightly on values for low-temperature tolerance 

in the Mayan cichlid from those of the present study.  Experiments conducted by Stauffer 

60



and Boltz (1994) established an incipient lower lethal temperature for freshwater 

acclimated age-0 Mayan cichlids, acclimated to 25°C and 17°C with exposure times up to 

10,000 minutes.  In 25°C acclimated specimens, of those plunged to 17°C, 75% survived. 

Of those plunged to 14°C, none survived over 3,000 minutes, and of those exposed to 

11°C and 8°C all died in under 10 minutes.  In specimens acclimated to 17°C, 95% 

survival occurred at 13°C.  Exposure to 11°C caused death in all fish tested within 2,000 

minutes.  Stauffer and Boltz concluded that the incipient lethal temperature for freshwater 

acclimated age-0 Mayan cichlids was 14°-15°C, values 5°-6° higher than the lower 

critical temperature found in the present study.

Thus, the temperature at final loss of equilibrium in the present experiment was 

lower than the previously reported incipient lethal temperature for this species.  This may 

be a result of several circumstances.  The long exposure times in Stauffer and Boltz’s 

(1994) study allowed delayed effects of milder temperatures to detrimentally affect the 

fish.  At lower temperatures, where death was considerably more rapid, the shock of the 

initial plunge likely increased the rate of death.  It is reasonable to suggest that if the rate 

of temperature change was decreased in my study, the lower lethal temperature would 

have been increased.  

Another test of Mayan cichlid cold tolerance was conducted by Gestring (1997). 

He carried out a chronic lethal minimum study on a relatively small population of 6 

Mayan cichlids.  The fish were acclimated to 23°C and the temperature was decreased at 

a rate of 1°C/day.  They reduced feeding at a mean temperature of 16.7°C, no feeding at 

14.7°C, loss of equilibrium at 10.3°C and death at 9.3°C.      
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The small population size may reduce the validity of his experiment, but my 

findings support the results of Gestring’s (1997) experiment.  The slightly lower 

temperature tolerance detected in my experiment is probably attributable to the 4°C lower 

acclimation temperature.  The dynamic temperature experiments reviewed by Beitinger et 

al. (2000) resulted in data indicating that reducing the acclimation temperature by 4°C 

can lead to a 1°C drop in expression of loss of equilibrium.  It was also unclear in 

Gestring’s data whether he recorded initial or final loss of equilibrium.  If the reported 

data were for initial loss of equilibrium, this may have contributed to the 1°C higher 

reported value.

Mayan Cichlids in Florida

Mayan cichlid populations in Florida Bay have shown patterns of “boom and 

bust,” with large declines in populations following extreme cold events.  This pattern has 

been demonstrated multiple times.  Much of the region, which is heavily populated by 

Mayan cichlids, is very shallow and is likely strongly affected by temperature changes. 

There is evidence that the fish may use less thermo-labile deep water habitats as a refuge 

during such events.  It is important to note the capacity of the species to rebound from 

near elimination.  In drop-trap sampling conducted by Trexler et al. (2000) in 1990, 

Mayan cichlids represented less than 1% of the species collected.  By 1993, drop-trap 

sampling of the same area indicated that they represented about 44% of collected species. 

Following a cold event in 1996, the relative abundance again dropped to below 1%, with 

a rise to 20% by 1998.  Trexler and co-workers’ study also indicates a possible inverse 
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relation between populations of native fishes and Mayan cichlid populations to survival 

of such cold exposure, although data was not significant (Trexler et al. 2000).

In many areas, invasive species drastically alter the local ecosystem, and may lead 

or contribute to native species to extinction.  In studies of desert pools within the United 

States, species introductions have been found to cause extinctions of native fish 

populations. In Lake Victoria, Africa, the introduction of the Nile Perch resulted in the 

extinction of over 300 of the 500 native cichlid species inhabiting the lake (Witte et al. 

1991).  Despite the introduction of numerous aquatic invaders into Florida’s ecosystems, 

the native species have remained relatively stable.  These native species of fishes in 

Southern Florida do not express a high degree of specialization.  The abundance of 

generalist species makes this native fauna much more resilient to invasive species. 

Further, the effects of temperature seem to limit the potential populations of many of 

these tropical opportunists, preventing them from gaining complete dominance over a 

given ecosystem (Trexler et al. 2000). 

Temperature’s Influence on Biogeography

The extent to which a species can expand its temperature tolerance is ultimately 

limited by its evolutionary history.  For stenothermic tropical fish species which have 

never developed a significant ability to adapt to temperature changes, this lack of 

compensatory responses limits the extent to which they can expand into a sub-tropical or 

temperate region (Cox & Moore 1985).  For a given species, there is a ‘range of 
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optimum.’ This range includes the normal temperatures for the species where it is most 

physiologically efficient.  Outside of this range, there is a zone in which the animal will 

be in a state of distress, where it will not operate efficiently and population levels will 

tend to be lower (Cox & Moore 1985). 

There is evidence for the loss of the genes necessary for acclimatory response in 

stenothermic animals (Clark & Johnston 1996).  Some stenotherms possess fewer 

isozymes for a given enzyme.  Apparently during the evolutionary process, only the 

isozymes necessary for decreasing activation energies at their native temperatures were 

selected for.  Variations in muscle tissue also represent a level of adaptation to a specific 

environment.  There is a relatively consistent increase in mitochondrial density and 

membrane lipid composition as natural temperature is decreased.  These adaptations 

compensate for the trends of reduced aerobic metabolism and increasing membrane 

viscosity of red muscle with colder temperatures.  In stenotherms these adaptations seem 

to have been optimized at their native temperatures with little focus on adjustment for a 

broad thermal range (Portner et al. 2000).  

Since the family Cichlidae is limited to tropical and sub-tropical regions 

worldwide, it is reasonable to assume that there is a genetic basis for the inability to 

tolerate cold.  It is therefore unlikely that the Mayan cichlid has acquired an increased 

cold tolerance since its introduction into Florida.  Based on the lower thermal limit data 

provided in this experiment (CTmin 9°C), it is possible that Mayan cichlids may expand 

their range northward.  Given average monthly stream temperatures in Florida (Refer to 

Fig. 2), and the lethal limit of 14°-15°C reported by Stauffer and Boltz (1994) after long-

term exposure, they will likely be limited to a latitude south of Gainesville.  The limiting 
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Figure 3: Isotherms depicting low mean monthly stream temperatures in Florida (from Shalfland & Pestrak 
1982).

factor at these ranges would be the existence of bodies of water capable of maintaining 

water temperatures above 9°C during times of inclement weather.  

In future studies there are a number of ways that the experimental design might be 

altered to produce better results.  The use of a more accurate temperature control device 

would be beneficial in narrowing the range of temperature.  Systems using thermodes that 
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trigger the release of pre-heated and pre-chilled water can provide a more consistent 

temperature.  Another factor that would benefit from modification is housing of the 

specimens.  Separation of individuals would allow better viewing of each specimen and 

would give more accurate data for the temperatures at which feeding cessation and 

hyperexcitability occur.  Given the method used in the current experiment, it is possible 

that these symptoms went unnoticed in a number of specimens when they initially 

occurred.  If more specimens exhibited symptoms then were observed, recorded values 

may be lower than actual values.  Lastly, the experiment may benefit from a change in 

observation frequency.  Increasing the frequency of observations may more closely 

determine the time at which 50% of the fish reach their critical thermal limit.  It would 

also provide better information on the rate at which individuals succumbed to each 

temperature.  Further study on the northernmost populations of Mayan cichlids may 

provide further insights into the overwintering potential for this species.  

66



BIBLIOGRAPHY

 

Arthington A H, Mitchell D S. Aquatic invading species. In: Grove R H, Burdon J J, 

editors. Ecology of biological invasions: An australian perspective. Canberra: 

Australian Academy of Science; 1986. 166 p.

Balm P H M, Pepels P, Helfrich S, Hovens M L M, Bonga S E W. Adrenotropic hormone 

in relation to interrenal function during stress in tilapia (Oreochromis  

mossambicus), General Comparative Endocrinology 1994; 96: 347-360.

Baroudy E, Elliot J M. The critical thermal limits for juvenile Arctic charr, Salvelinus  

alpinus, Journal of Fish Biology 1994; 45: 1041-1053.

Barton B A. Stress in Fishes: A diversity of responses with particular reference to 

changes in circulating corticosteroids, Integrative and Comparative Biology 2002; 

42: 517-525.

Becker C D, Genoway R G. Temperature tolerance of North American freshwater fishes 

exposed to dynamic changes in temperature, Environmental Biology of Fishes 

1979; 4: 245-256.

Beitinger T L, Bennett W A, McCauley R W. Temperature tolerances of North American 

freshwater fishes exposed to dynamic changes in temperature, Environmental 

Biology of Fishes 2000; 58: 237-275.

67



Bennett W A, Beitinger T L. Temperature tolerance of the sheepshead minnow, Copeia 

1997; 1997: 77-87.

Bonga S E W. The Stress Response in Fish, Physiological Reviews 1997; 77 (3): 591-

625.

Bonin J D, Spotila J R. Temperature tolerance of larval muskellunge (Esox masquinongy 

Mitchell) and F1 hybrids raised under hatchery conditions, Comparative 

Biochemical Physiology 1978; 59A: 245-248.

Bowler K. Acclimation, heat shock and hardening, Journal of Thermal Biology 2005; 30: 

125-130.

Brett J R. Energetic responses of salmon to temperature. A study of some thermal 

relations in the physiology and freshwater ecology of sockeye salmon 

(Oncorhynchus nerka), American Zoology 1971; 11: 99-113.

Brett J R. Rate of gain of heat-tolerance in goldfish (Carassius auratus). Publications of 

the Ontario Fisheries Research Laboratory No. 64. Toronto: University of Toronto 

Press; 1946. 49 p.

Brett J R. Some principles in the thermal requirements of fishes, Quarterly Review of 

Biology 1956; 31: 75-87.

Cameron J S, Connor E F. Liquid chromatographic demonstration of catecholamine 

release in fish heart, Journal of Experimental Biology 1979; 209 (3): 473-479.

68



Clavero M, Garcia-Berthou E. Invasive species are a leading cause of animal extinctions, 

Trends in Ecology and Evolution 2005; 20 (3): 110.

Cocking A W. The effects of high temperature on roach (Rutilus rutilus) II. The effects of 

temperature increasing at a known constant rate, Journal of Experimental Biology 

1959; 36: 217-226.

Cortemeglia C, Beitinger T L. Projected US distributions of transgenic and wildtype 

zebra danios, Danio rerio, based on temperature tolerance data, Journal of 

Thermal Biology 2006; 31 (5): 422-428.

Cossins A R, Bowler K. Temperature Biology of Animals. London: Chapman and Hall; 

1987. 339 p.

Cossins A R, Friedlander M J, Prosser C L. Correlations between behavioral temperature 

adaptations of goldfish and the viscosity and fatty acid composition of their 

synaptic membranes, Journal of Comparative Physiology A: Neuroethology, 

Sensory, Neural, and Behavioral Physiology 1977; 120 (2): 109-121.

Cossins A R. The adaptation of membrane structure and function to changes in 

temperature. In: Cossins A R, Sheterline P, editors. Cellular Acclimatisation to 

Environmental Change. Cambridge: Cambridge University Press; 1983. 254 p.

Courtenay, Jr. W A. Nonindigenous fishes. In: Simberloff D S, Schmitz D C, Brown T C, 

editors. Strangers in paradise: impact and management of nonindigenous species 

in florida. Washington DC: Island Press; 1997. 467 p.

Cowles R B, Bogert C M. A preliminary study of the thermal requirements of desert 

69



reptiles, Bulletin of the American Museum of Natural History 1944; 83: 265-296.

Cox C B, Moore P D. Biogeography: An Ecological and Evolutionary Approach. 

Blackwell Science; 2000. 298 p.

Cox D K. Effects of three heating rates on the critical thermal maximum of bluegill. In: 

Gibbons J W, Shartiz R R, editors. Thermal Ecology. Springfield (Va): Technical 

Information Center, Office of Information Services, U.S. Atomic Energy 

Commission; 1974.

Craig E A, Gross C A. Is hsp90 the cellular thermometer, Trends in Biochemical 

Sceinces 1991; 16 (4): 135-140.

Crawshaw L I. Low-temperature dormancy in fish, American Journal of Physiology - 

Regulatory, Integrative and Comparative Physiology 1984; 246 (4): 479-486.

Crockett E L, Londraville R L. Temperature. In: Evan D H, Claiborne J B, editors. The 

physiology of fishes, 3rd edition. Boca Raton (FL): CRC Press; 2006. 616 p.

Currie S, Reddin K, McGinn P, McConnell T, Perry S F. ß-Adrenergic stimulation 

enhances the heat-shock response in fish, Physiological and Biochemical Zoology 

2008; 81 (4): 414-425.

Desaulniers N, Moerland T S, Sidell B D. High lipid content enhances the rate of oxygen 

diffusion through fish skeletal muscle, American Journal Physiology - 

Regulatory, Integrative and Comparative Physiology 1996; 271 (1): 42-47.

70



Diana J S. Biology and ecology of fishes, 2nd edition. Traverse City (MI): Cooper 

Publishing Group; 2004. 441 p.

Donaldson E M. The pituitary-interrenal axis as an indicator of stress in fish. In: 

Pickering A D, editor. Stress in Fish. London: Academic Press; 1981. 365 p.

Donaldson M R, Cooke S J, Patterson D A, Macdonald J S. Cold shock and fish, Journal 

of Fish Biology 2008; 73: 1491-1530.

Egginton S, Cordiner S, Skilbeck C. Thermal compensation of peripheral oxygen 

transport in skeletal muscle of seasonally acclimatized trout, American Journal of 

Physiology - Regulatory, Integrative and Comparative Physiology 2000; 279 (2): 

375-388.

Egginton S, Cordiner S, Skilbeck C. Thermal compensation of peripheral oxygen 

transport in skeletal muscle of seasonally acclimatized trout, American Journal of 

Physiology - Regulatory, Integrative and Comparative Physiology 2000; 279 (2): 

375-388.

Faunce C H, Patterson H M, Lorenz J J. Age, growth, and mortality of the Mayan cichlid 

(Cichlasoma urophthalmus) from the southeastern Everglades, Fisheries Bulletin 

2002; 100 (1): 42-50.

Fields R, Lowe S S, Kaminski C, Whitt G S, Philipp D P. Critical and chronic thermal 

maxima of northern and Florida largemouth bass and their reciprocal F1 and F2 

hybrids, Transactions of the American Fisheries 1987; 116 (6): 856-863.

71



Florida Fish and Wildlife Conservation Commission [Internet]. List of exotic freshwater 

fishes collected from Florida fresh waters; 2007 August; Available from: 

http://www.myfwc.com/docs/Freshwater/Freshwater_Exotic_List.pdf

Friedlander M J, Kotchabhakdi N, Prosser C L. Effects of cold and heat on behaviour and 

cerebellar function in goldfish, Journal of Comparative Physiology 1976; 112: 19-

45.

Fry F E J, Brett J R, Clawson G H. Lethal limits of temperature for young goldfish, 

Review of Canadian Biology 1945; 1 (1942): 50-56.

Fry F E J. Responses of vertebrate poikilotherms to temperature. In: Rose A H, editor. 

Thermobiology. New York: Academic Press; 1967. 653 p.

Gestring K B. An analysis of fish communities containing non-native fishes in southeast 

Florida, 1996/97 Annual Progress Report for the Florida Game and Fresh Water 

Fish Commission’s Non-Native Fish Research Laboratory, Boca Raton, FL 1997; 

1-8.

Gracey A Y, Logue J, Tiku P E, Cossins A R. Adaptation of biological membranes to 

temperature: biophysical perspectives and molecular mechanisms. In: Johnston I 

A, Bennett A F, editors. Animals and Temperature. Phenotypic and Evolutionary 

Adaptation. Cambridge: Cambridge University Press; 1996. 419 p.

Guderly H, Johnston I. Plasticity of fish muscle mitochondria with thermal acclimation, 

Journal of Experimental Biology 1996; 199 (6): 1311-1317.

Gunther A. Catalogue of fishes in the British Museum, volume 4. London: Taylor & 

72

http://www.myfwc.com/docs/Freshwater/Freshwater_Exotic_List.pdf


Francis; 1862. 534 p.

Hart J S. Geographic variations of some physiological and morphological characters in 

certain freshwater fish. Toronto: Ontario Fisheries Research Laboratory; 1952. 79 

p.

Hassan K C, Spotila J R. The effect of acclimation on the temperature tolerance of young 

muskellunge fry. In: Esch G W, McFarlane R W, editors. Thermal Ecology II. 

Springfield: National Technical Information Service; 1976. 136-140 p.

Hazel J R, Prosser C L. Molecular mechanisms of temperature compensation in 

poikilotherms, Physiological Reviews 1974; 54 (3): 620-677.

Heap S P, Watt P W, Goldspink G. Consequences of thermal change on the myofibrillar 

ATPase of five freshwater teleosts, Journal of Fish Biology 1985; 26: 733-738.

Heath S, Bennett W A, Kennedy J, Beitinger T L. Heat and cold tolerance of the fathead 

minnow, Pimephales promelas, exposed to the synthetic pyrothroid cyfluthrin, 

Canadian Journal of Fisheries and Aquatic Sciences 1994; 51: 437-440.

Hochachka P W, Somero G N. Biochemical Adaptation to the Environment, American 

Zoologist 1971; 11 (1): 159-167.

Hochachka P W, Somero G N. Biochemical adaptation: mechanism and process in 

physiological evolution. New York: Oxford University Press; 2002. 466 p.

73



Hofmann G E, Buckley B A, Airaksinen A, Keen J E, Somero G N. Heat-shock protein 

expression is absent in the antarctic fish Trematomus bernachii (family 

nototheniidae), The Journal of Experimental Biology 2000; 203: 2331-2339.

Houston A H. Environmental temperature and the body fluid system in the teleost. In: 

Chavin W, editor. Responses of fish to environmental changes. Springfield (IL): 

Charles Thomas; 1973. 459 p.

Huntsman A G, Sparks M I. Limiting factors for marine animals, III. Relative resistance 

to high temperatures, Contributions to Canadian Biology 1924; 2: 95-114.

Hutchison V H, Maness J D. The role of behavior in temperature acclimation and 

tolerance in ectotherms, American Zoologist 1979; 11: 367-384.

Inouye M. Cold-shock response and adaptation, Journal of Molecular Microbiology and 

Biotechnology 1999; 1 (2): 191.

Iwama G K, Afonso L O B, Vijayan M M. Stress in Fishes. In: Evans D H, Claiborne J 

B, editors. The Physiology of Fishes 3rd edtion. CRC Press; 2006. 601 p.

Iwama G K, Vijayan M M, Forsyth R B, Ackerman P A. Heat Shock Proteins and 

Physiological Stress in Fish, American Zoologist 1999; 39: 901-909.

Johnston I A, Dunn J. Temperature acclimation and metabolism in ectotherms with 

particular reference to teleost fish, Symposia for the Society of Experimental 

Biology 1987; 41: 67-93.

74



Johnston I A, Maitland B. Temperature acclimation in crucian carp (Carassius carassius 

L.): morphometric analysis of muscle fibre ultrastructure, Journal of Fish Biology 

1980; 17: 113-125.

Johnston I, Lucking M. Temperature induced variation in the distribution of different 

types of muscle fibre in the goldfish (Carassius auratus), Journal of Comparative 

Physiology B: Biochemical, Systemic, and Environmental Physiology 1978; 124 

(2): 111-116.

Lagerspetz K Y. What is thermal acclimation?, Journal of Thermal Biology 2006; 31: 

332-336.

Loeschcke V, Sorensen J G. Acclimation, heat shock and hardening-a response from 

evolutionary biology, Journal of Thermal Biology 2005; 30: 255-257.

Loftus W F. Possible establishment of the Mayan cichlid, Cichlasoma urophthalmus 

(Gunther) (Pisces: Cichlidae) in Everglades National Park, Florida, Florida 

Scientist 1987; 50: 1-6.

Logue J, Tiku P, Cossins A R. Heat injury and resistance adaptation in fish, Journal of 

Thermal Biology 1995; 20 (1/2): 191-197.

Lutterschmidt W I, Hutchison V H. The critical thermal maximum: history and critique, 

Canadian Journal of Zoology 1997; 75: 1561-1574.

Matthews W J, Maness J. Critical thermal maxima, oxygen tolerances and success of 

cyprinid fishes in a southwestern river, The Southwestern Naturalist 1979; 24: 

75



374-377.

Matthews W J, Maness J. Critical thermal maxima, oxygen tolerances and success of 

cyprinid fishes in a southwestern river, The Southwestern Naturalist 1979; 24: 

374-377.

Maya M F, Mora C. Effect of the rate of temperature increase of the dynamic method on 

the heat tolerance of fishes, Journal of Thermal Biology 2006; 31: 337-341.

Middaugh D P, Davis W R, Yokum R L. The response of larval fish, Leiostomus 

xanthurus, to environmental stress following sublethal cadmium exposure, 

Contributions in Marine Science 1975; 19: 13-19.

Morimoto R I. Regulation of the heat shock transcriptional response: Cross talk between 

a family of heat shock factors, molecular chaperones, and negative regulators, 

Genes & Development; 12: 3788-3796.

Morris R W. Body size and temperature sensitivity in the cichlid fish, Aequidens  

portalegrensis (Hensel), The American Naturalist 1962; 96 (886): 35-50.

Morris R W. Thermal acclimation in an eleotrid fish, Carassiops compressus, The 

American Naturalist 1965; 99 (905): 81-87.

Nelson D O, Prosser C L. Effect of preoptic lesions on behavioral thermoregulation of 

green sunfish, Lepomis cyanellus, and of goldfish, Carassius auratus, Journal of 

Comparative Physiology A: Neuroethology, Sensory, Neural, and Behavioral 

Physiology 1979; 129 (3): 193-197.

Otto R G. Temperature tolerance of the mosquitofish, Gambusia affinis (Baird and 

76



Girard), Journal of Fish Biology 1973; 5: 575-585.

Paperno R, Ruiz-Carus R, Krebs J M, McIvor C C. Range expansion of the Mayan 

cichlid, Cichlasoma urophthalmus (pisces, cichlidae) above 28N latitude in 

Florida, Florida Scientist 2008; 71 (4): 293-304.

Pepels P P L M, Helvoort H V, Bonga S E W, Balm P H M. Corticotropin-releasing 

hormone in the teleost stress response: rapid appearance of the peptide in plasma 

of tilapia (Oreochromis mossambicus), Journal of Endocrinology 2004; 180: 425-

438.

Portner H O, Mark F C, Bock C. Oxygen limited thermal tolerance in fish? Answers 

obtained by nucleur magnetic resonance techniques, Respiratory Physiology & 

Neurobiology 2004; 141: 243-260.

Precht H. Concepts of the temperature adaptation of unchanging reaction systems of 

cold-blooded animals. In: Prosser C L, editor. Physiological Adaptation. 

Washington DC: American Physiological Society; 1958.

Preuss T, Faber D S. Central cellular mechanisms underlying temperature-dependent 

changes in the goldfish startle-escape behavior, The Journal of Neuroscience 

2003; 23 (13): 5617-5626.

Prosser C L, Nelson D O. The role of nervous system in temperature adaptation of 

poikilotherms, Annual Review of Physiology 1981; 43: 281-300.

Randall D J, Perry S F. Catecholamines. In: Hoar W S, Randall D J, Farrell A P, editors. 

Fish Physiology - The Cardiovascular System. New York: Academic Press; 1992. 

77



Vol XII Part B: 474 p.

Randall D J, Taylor E W. Evidence of a role for catecholamines in the control of 

breathing in fish, Reviews in Fish Biology and Fisheries 1991; 1 (2): 139-157.

Rankin J C, Jensen F B. Fish Ecophysiology. New York: Chapman & Hall; 1993. 421 p.

Rinehart J P, Li A, Yocum G D, Robich R B, Hayward S A L, Delinger D L. Up-

regulation of heat shock proteins is essential for old survival during insect 

diapause, Proceedings of the National Academy of Sciences 2007; 104 (27): 

11130-11137.

Roberts J L. Effects of thermal stress on gill ventilation and heart rate in fishes. In: 

Chavin W, editor. Responses of fish to environmental changes. Springfield (IL): 

Charles Thomas; 1973. 459 p.

Roberts J L. Metabolic responses of fresh-water sunfish to seasonal photoperiods and 

temperatures, Helgoland Marine Research 1964; 9 (1-4): 459-473.

Roots B I, Prosser C L. Temperature acclimation and the nervous system in fish, Journal 

of Experimental Biology 1962; 39: 617-629.

Shafland P L, Pestrak J M. Lower lethal temperatures for fourteen non-native fishes in 

Florida, Environmental Biology of Fishes 1982; 7 (2): 149-156.

Shamovsky I, Nudler E. New insights into the mechanism of heat shock response 

activation, Cellular and Molecular Life Sciences 2008; 65 (6): 855-861.

78



Simberloff D. Why is Florida being invaded? In: An Assessment of Invasive Non-

Indigenous Species in Florida’s Public Lands. Florida Department of 

Environmental Protection: Tallahassee, Florida; 1994.

Simberloff D. The biology of invasions. In: Simberloff D, Schmitz D C, Brown T C, 

editors. Strangers in paradise: impact and management of nonindigenous species 

in florida. Washington DC: Island Press; 1997. 467 p.

Sinclair B J, Roberts S P. Acclimation, shock and hardening in the cold, Journal of 

Thermal Biology 2005; 30 (8): 557-562.

Sinclair B J, Vernon P, Klok C J, Chown S L. Insects at low temperatures: an ecological 

perspective, Trends in Ecology & Evolution 2003; 18 (5): 257-262.

Somero G N. Adaptation of enzymes to temperature: searching for basic “strategies“, 

Comparative Biochemistry and Physiology 2004; 139 (B): 321-333.

Stanley J G, Colby P J. Effects of temperature on electrolyte balance and osmoregulation 

in the alewife (Alosa pseudoharengus) in fresh and sea water, Transactions of the 

American Fisheries Society 1971; 100: 624-638.

Stauffer J R, Boltz S E. Effect of salinity on the temperature preference and tolerance of 

age-0 Mayan cichlids, Transactions of the American Fisheries Society 1994; 123: 

101-107.

Szabo T M, Brookings T, Preuss T, Faber D S. Effects of temperature acclimation on a 

central neural circuit and its behavioral output, Journal of Neurophysiology 2008; 

79



100: 2997-3008.

Thompson Jr. G A. Mechanisms of homeoviscous adaptations in membranes. In: Cossins 

A R, Sheterline P, editors. Cellular Acclimatisation to Environmental Change. 

Cambridge: Cambridge University Press; 1983. 254 p.

Tomanek L, Somero G N. Evolutionary and acclimation-induced variation in the heat-

shock responses of congeneric marine snails (genus Tegula) from different 

thermal habitats: Implications for limits of thermotolerance and biogeography, 

Journal of Experimental Biology 1999; 202 (21): 2925-2936.

Tomanek L. The heat-shock response: Its variation, regulation and ecological importance 

in intertidal gastropods (genus Tegula), Integrative and Comparative Biology 

2002; 42: 797-807.

Trexler J C, Loftus W F, Jordan F, Lorenz J J, Chick J H, Kobza R M. Empirical 

assessment of fish introductions in a subtropical wetland:an evaluation of 

contrasting views, Biological Invasions 2000; 2: 265-277.

Van den Burg E H, Peeters R R, Verhoye M, Meek J, Flik G, Van der Linden A. Brain 

responses to ambient temperature fluctuations in fish: Reduction of blood volume 

and initiation of a whole-body stress response, Journal of Neurophysiology 2005; 

93: 2849-2855.

Vijayan M M, Raptis S, Sathiyaa R. Cortisol treatment affects glucocorticoid receptor 

and glucocorticoid-responsive genes in the liver of rainbow trout, General and 

Comparative Endocrinology 2003; 132: 256-263.

80



Watenpaugh D E, Beitinger T L, Huey D W. Temperature tolerance of nitrite-exposed 

channel catfish, Transcations of the American Fisheries Society 1985; 114: 274-

278.

Wilson R S, Franklin C E. Testing the beneficial acclimation hypothesis, Trends in 

Ecology & Evolution 2002; 17 (2): 66-70.

Witte F, Goldschmidt T, Goudswaard P C, Ligtvoet W, van Oijen M J P, Wanink J H. 

Species extinction and concomitant ecological changes in Lake Victoria, 

Netherlands Journal of Zoology 1992; 42 (2-3): 214-232.

81


	LibraryOpeningPages.pdf
	LibraryDraft.pdf

