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A. Problem and Research Objectives 
 
Streams in the southwestern United States often experience unpredictable fluctuations in 
their physical conditions (Meffe and Minckley 1987). Deterioration in the quality of 
streams over the past 100 years has resulted in the decline or complete loss of many 
unique and ecologically sensitive endemic fish species. Interactions with exotic 
organisms, introduction of novel diseases, permanent changes in stream velocity and 
volume, deterioration of water quality, and alteration of habitat have all contributed to 
declines in abundance and distribution (Lowe et al. 1967; Moyle et al. 1986; Rinne et al. 
1986; Douglas et al. 1994).  Rising water temperatures have become a common concern, 
compelling fisheries mangers to evaluate the effects of rising stream temperatures on fish 
health and survival (Barber et al. 1970; Poole and Berman 2001; Chatterjee et al. 2004). 
In Arizona, where groundwater and snow melt have been the main drivers of stream 
temperature, extreme reductions in stream volume combined with loss of riparian 
vegetation have resulted in the loss of a buffer for temperature fluctuations. 
Consequently, stream temperatures are more likely to be influenced by the atmospheric 
temperature trends. Stream temperatures have been rising in Arizona since the early 
1900s (Miller 1961), and across North America, incidences of heat death in fishes are 
becoming more common (Bailey 1955; Zimmerman and Kucera 1977; Matthews et al. 
1982; Mundahl 1990). Mortalities related to high water temperatures occur frequently in 
Arizona, particularly in stagnant shallow waters with high ambient temperatures and 
direct sun exposure. Stream temperatures ranging from 35-40.3°C are recorded frequently 
in small Arizona streams during July and August (Deacon and Minckley 1974), and a few 
native fish species are thought to be living at temperatures close to their upper thermal 
limits (Lowe and Heath 1969). 
 
Alteration of natural water temperature regimes can create a wide variety of life history, 
behavioral, and physiological responses in aquatic organisms (Brett 1956; Myrick and 
Cech 2000; Lass and Spaak 2003), and small changes in water temperature can have 
considerable consequences for freshwater fish (Morgan et al. 2001).   Thermal tolerance 
in an organism is determined by a wide variety of biotic and abiotic factors, with 



 

 

acclimation temperature and thermal history being among the most important (Chung 
2001). A temperature increase beyond the optimal range for any species can influence the 
capacity to function properly. Elevated temperature can diminish swimming ability in 
fishes (MacNutt et al 2004) and result in poor body condition by reducing cardiac 
performance and limiting the amount of available oxygen (Brett 1956; Fry 1967). 
Temperature can influence metabolic activities and have lasting effects on behavior such 
as predator avoidance, migration, and spawning.  

Although native fishes in Arizona are considered tolerant to high temperature 
because their evolutionary history is rooted in a desert environment, little is known about 
the effects of temperature on native fishes in the Southwest. Available information is 
limited to field observations and a small number of laboratory studies (John 1964; Lowe 
and Heath 1969; Minckley and Barber 1971; Deacon and Minckley 1974). Few attempts 
have been made to quantify the upper lethal tolerance of multiple fish species in a single 
study (Deacon 1987; Smale and Rabeni 1995).  Differences in acclimation temperatures, 
heating rates, undefined behavioral endpoints, and other factors make comparisons 
among thermal tolerance values derived by a variety of methods ambiguous and difficult 
to interpret (Lutterschmidt and Hutchison 1997b). Lethal limits typically are comparable 
only when repeated when tests are run under similar conditions and similar acclimation 
temperatures are used (Brett 1956). 

The objective of this research was to compare the upper thermal tolerance of 11 
native and 7 nonnative freshwater fishes found throughout Arizona. Tests were conducted 
using the critical thermal method. 

 
2. Methodology 
 
Fish Collection 
 
We collected eleven native and eight nonnative fish species (Table 1). Thermal tolerance 
data existed for the majority of nonnative fishes in our study. However, we retested these 
species, as it was important to use the same method to compare all species and to ensure 
that thermal tolerance of a species does not vary geographically. For this reason, we 
repeated tests for a variety of nonnative species to guarantee we had thermal tolerance 
data for the populations in this region. 
 
We used small seine nets (1.6 mm) to collect wild fish in spring and summer 2003 and 
2004 from Aravaipa Creek, Bonita Creek, the San Pedro River, the Verde River and 
Buenos Aires National Wildlife Refuge stock tanks. We collected fish of similar total 
length (30-70 mm) however; fathead minnow Pimephales promelas, yellow bullhead 
Ameiurus natalis, bluegill sunfish Lepomis macrochirus and green sunfish Lepomis 
cyanellus measured 80-116 mm TL. Gila topminnow Poeciliopsis occidentalis and Gila 
chub Gila intermedia were artificially propagated at the University of Arizona. 
Razorback suckers Xyrauchen texanus and bonytail chub Gila elegans were obtained 
from the Willow Beach National Fish Hatchery, Arizona. Spikedace Meda fulgida were 
obtained the Gila River (fish were propagated at the University of New Mexico) and 
Aravaipa Creek, to test for differences among stocks. We used guidelines provided by 



 

 

Arizona Game and Fish (In review) to transport fish to the laboratory. All species were 
treated for Ichthyophthirius with formaldehyde for at least 10 d upon arrival to the 
laboratory. Yellow grub Clinosotnum complanatum was present in approximately 20% of 
the Aravaipa Creek spikedace and in the majority of the loach minnow collected at the 
west end of Aravaipa Creek. We tested the temperature tolerance of these fishes 
separately to evaluate the effects of yellow grub on thermal tolerance. 

When possible, we limited tests to summer so that photoperiod and other 
variables would be similar among tests. Long photoperiods are typically associated with 
increased heat tolerance (Fry 1967; Lutterschmidt and Hutchison 1997b). We tested 
spikedace, loach minnow and desert sucker several times throughout the year to evaluate 
differences in heat tolerance throughout the year. 

 
Acclimation and Critical Thermal Method 
 
The critical thermal method (CTM), as described by Becker and Genoway (1979) is the 
most common method used to quantify fish tolerance to extreme high and low 
temperature. CTM provides a standard for evaluating the thermal requirements of an 
organism and is often used to make comparison among species (Lutterschmidt and 
Hutchison 1997b). CTM is a preferred method in the field of thermal ecology due to the 
small number of animals needed and short period required to complete a test. The use of 
similar acclimation temperatures and heating rates also facilitates comparisons of data 
from several studies.  
 
We used 200W Ebo-jager aquarium heaters to maintain ten to twelve fish of each species 
in well-aerated 75 L glass aquaria at 25°C and 30°C (+ 0.1°C) for a minimum of 14 d. 
Due to limited availability, fathead minnow, largemouth bass and yellow bullhead, were 
tested only at 25°C. Large windows in the laboratory provided natural light cycles. Fish 
were fed daily to satiation a combination of brine shrimp, daphnia, bloodworms, spirulina 
and tropical fish food flakes. Diet composition varied by species as it does in nature. 
Unconsumed food was removed every other day by siphon. Approximately 20% of the 
tank water was removed 3-4 times each week and replaced with dechlorinated 
(Stresscoat®) tap water to prevent the accumulation of ammonia, nitrates and nitrites. 
Small water changes ensured that water temperature fluctuations were less than 1.0°C. 
Fish were not fed 24 h prior to testing. 
 
We tested four fish of each species per trial. Each fish was randomly selected from the 
holding tank and placed in a 1-L beaker filled with water from the acclimation tank. Four 
beakers were placed in a 42 cm x 28 cm x 11 cm metal basin filled with water. Beakers 
were elevated on a metal grate, which allowed water flow to reach all sides of the 
beakers. A powerhead (Rio 1100) was placed in the basin to mix the water. Temperature 
within the basin was maintained at the acclimation temperature for 30 min prior to testing 
to avoid confusing handling stress with thermal stress. We used portable aerators and air 
stones to keep test water continually mixed and aerated. Once a testing period 
commenced, the basin was placed on a Fisher Scientific, 120-V, 5.4-A hotplate and 
temperature was increased at a constant rate of 0.3°C min-1, a rate of change 



 

 

recommended for small-bodied fish (Beitinger et al. 2000). We adjusted settings on the 
hotplate at predetermined intervals to ensure a linear rate of change. Rate of change can 
vary within a given test (0.3 + 0.2°C min-1). We tested each species using a minimum of 
three trials to increase the amount of variation for upper lethal tolerance values of each 
species, to avoid any variation due to slight differences in rates of change. The rate of 
change is critical. An ideal rate will allow body temperature to follow water temperature 
without a significant time lag and avoid overshooting the upper lethal (Becker and 
Genoway 1979). During each experiment, one person observed the fish while a second 
person recorded data and maintained correct hotplate settings. 
 
We recorded sub-lethal and lethal endpoints. Sub-lethal endpoints are referred to as 
CTMax endpoints and defined as the point where an animal loses the ability to escape 
from conditions that will ultimately lead to its death (Cowles and Bogert 1944).  We 
recorded several commonly cited endpoints including initial loss of equilibrium, no 
response to prodding, and flaring opercules. Loss of equilibrium, defined as the 
temperature where a failure of righting occurs, has been the most commonly reported 
endpoint in CTM trials (Becker and Genoway 1979). We reported initial loss of 
equilibrium as the CTMax value. However, because of the subjective nature of non-lethal 
endpoints when comparing multiple species, we also reported upper thermal limit at 
death.  Death was defined as the cessation of opercular movements and was reported as 
the upper lethal limit. All fish were weighed, measured, examined for parasites, and 
preserved. 

 
Data Analysis 
 
CTMax and upper lethal temperature values were reported with 95% confidence limits.  
Multiple regression was used to evaluate the relationship among acclimation temperature, 
time of year (trial), size (TL), CTMax, and upper lethal temperature. Trial was included 
in the model, because for some species, individuals were caught and tested at different 
times throughout the year. Therefore, we tested for effects of time of year on thermal 
tolerance.  Within species, two-sample t-tests were used to assess differences between 
CTMax and upper lethal temperature at different acclimation temperatures. Analysis was 
conducted using JMP Version 4.0.4. 
 
Acclimation response ratio (ARR) was calculated for both CTMax and upper lethal 
tolerance values (Claussen 1977). The acclimated response ratio estimates the ability of 
fish to alter CTMax values (or other endpoints) with changing acclimation temperature. 
We estimated ARR values by calculating the difference between endpoint temperatures at 
each acclimation temperature (i.e. ∆CTM) and then dividing by the differences in the 
acclimation temperatures (∆T = 5°C).  

 
 
 
 
 



 

 

C. Principal Findings and Significance 
 

Precision of CTMax Endpoints and Death 
 
The critical thermal method provided a precise method for assessing thermal tolerance of 
the 18 species tested. The most precise endpoint was flaring opercules (SE = 0.36°C) 
followed by the upper lethal temperature (SE = 0.41°C) and loss of equilibrium (SE = 
0.54°C). Loss of equilibrium, a widely cited endpoint, was not easily observed in some 
species, and signs of disorientation varied greatly by species. 

 
Effects of Time of Year and Total Length 
 
Total length of fish and time of year did not significantly impact CTMax and upper 
thermal tolerance values for any species (F- tests P < 0.05), except spikedace. Time of 
year was significant for upper thermal tolerance of spikedace (P = 0.007), when we 
included acclimation temperature and length in our model. Testing was conducted from 
February through October. No individuals were removed from analyses due to large size 
or time of year tested.  

 
CTMax and Upper Lethal Tolerance 
 
Upper thermal tolerance values ranged from 41.8 (+ 0.2°C) for desert pupfish to 36.0 (+ 
0.4°C) for speckled dace when acclimated at 25°C (Table 3). Comparison of CTMax and 
upper lethal tolerance values indicated a strong difference among species (ANOVA F-
ratio = 133.3, P < 0.0001) for both acclimation temperatures. Upper lethal tolerance did 
not seem to be grouped by taxa. Cyprinids comprised the largest family tested and had 
the widest tolerance, ranging from the lowest (19th) to the 4th highest tolerance of the 
eighteen species tested. The most abundant nonnative species found throughout Arizona 
comprised 5 of the top 8 positions with respect to thermal tolerance, all surviving 
temperatures close to or above 40°C.  
 
Within species, increasing acclimation temperature increased both the CTMax (two-sided 
P < 0.0001) and upper lethal tolerance (two-sided, P < 0.0001). Average mean CTMax 
and upper lethal tolerance were higher when acclimation temperature was increased from 
25°C and 30°C ( 1.9 + 0.4°C and 1.5 + 0.5°C, respectively). 

 
Acclimation Response Ratio 
 
The ability of fish to thermally acclimate varied greatly among species. Increases in 
thermal tolerance were most extreme within the cyprinid family, varying from 0.3°C 
(loach minnow) to 2.2°C (longfin dace) (Table 4).   
 
 
 
 



 

 

Significance of Results 
 
The CTM provided a precise measurement of upper thermal tolerance for all species 
tested. The CTM is not a test meant to mimic natural conditions, but to demonstrate 
relative differences in the ability to withstand high temperature among species.  Under 
natural conditions, stream temperatures rise at a slower rate than the rate used in this 
study, sometimes taking 12 h to increase 5-10°C. Fish typically are exposed to 
heterogeneous thermal environments and latency in body temperature change, when 
exposed to high temperatures, affords the organism time to escape potentially lethal 
conditions (Beitinger et al. 1977). The CTM utilizes a rapid increase in temperature (i.e. 
0.3°C/min), eliminating the opportunity for acclimation to changing temperature. For this 
reason CTM tests typically overshoot the actual upper lethal temperature by 3-4°C 
(Selong et al. 2001; Carveth 2004; Widmer 2004). Consequently, our results would not 
accurately reflect temperatures that these species can withstand in the wild unless 
temperatures in the wild increase at a similar rate to the one used in this study.  
 
According to Beitinger et al. (2000), loss of equilibrium is an ecologically significant 
endpoint because this is where a fish losses the ability to escape conditions that will 
ultimately lead to death. Loss of equilibrium is the most widely cited CTM endpoint 
(Mundahl 1990; Smale and Rabeni 1995; Benfrey et al. 1997; Currie et al. 1998; Diaz 
and Buckle 1999; Selong et al. 2001), and, as most fish recover once placed into cooler 
water, is the most logical endpoint when testing endangered and threatened species. 
However, loss of equilibrium was the least statistically precise endpoint of the four 
endpoints we used.  All fish experienced loss of equilibrium, but signs were more subtle 
in some species, specifically loach minnow and yellow bullhead, which remained on the 
bottom of the beaker for the majority of the test period.  Several species demonstrated 
obvious disorientation only when prodded with a glass rod. In a similar study conducted 
by Lutterschmidt and Hutchison (1997a), loss of equilibrium had significantly more 
variance than another endpoint, the onset of spasms. The species we used did not 
consistently experience the onset of spasms and this endpoint was not recorded. Reaction 
to prodding and death were more precise endpoints than loss of equilibrium. However, 
flaring opercules was the most precise endpoint and most consistent among all species. 
We recommend that flaring opercules be used as an endpoint where precision is 
important especially when making comparisons among multiple species.  
 
Body size can influence the upper thermal tolerance of fishes due to either ontogenetic 
differences in physiology or due to the area: volume ratio. Body temperature in 
poikilotherms is influences by external changes in temperature and therefore larger 
organisms may experience a slower rate of heat penetration, affecting upper CTM values 
(Becker and Genoway 1979). In a study conducted by Smale and Rabeni (1995), several 
fish species, including a variety of cyprinids, centrarchids, catastomids, ictalurids and 
poeciliids showed no indication of size-dependent variation in upper lethal tolerance. 
Barrionuevo and Fernandes (1995) did not find a significant effect of body size when 
testing the CTMax of curimbata Prochiludos scofra, but body size did affect the CTMin. 
Cox (1974) found a difference in the upper thermal tolerance of bluegill sunfish when 



 

 

temperatures were increased at a rapid rate, but not when temperatures were increased at 
a slower rate. It is unlikely that temperatures increase at such a fast pace in nature, 
making it unlikely that size impacts the thermal tolerance of a species in the wild. 
Although, we attempted to limit the size of the individuals tested, for certain species 
including fathead minnow, largemouth bass, yellow bullhead, green sunfish and bluegill 
sunfish larger fish (80-116 mm) were used. Because there was little variation in the size 
of these individuals, related to the other species tested, it is unknown whether the size of 
individuals of these species influenced results.  
 
Desert pupfish were the most tolerant species to high temperature, with a CTMax of 41.3 
+ 0.32°C when acclimated to 30°C. Tolerance to extremely high temperature is common 
among cyprinodons, and these fishes are typically found inhabiting water with high 
temperatures.  Desert pupfish can live at 38.9°C and exhibit discomfort and death at 
40.6°C (Deacon and Minckley 1974). Using the same acclimation temperature as in our 
study, Lowe and Heath (1969) determine the CTMax for desert pupfish to be 42°C (SD = 
0.3°C). Speckled dace had the lowest tolerance, with a CTMax of 35.8  + 0.57°C. John 
(1964) reported maximum thermal tolerance of 33°C for speckled dace in the wild, when 
fluctuations of 10-15°C were present. 
 
In our study, the thermal tolerance of some cyprinid species approached the tolerance of 
the desert pupfish. Although Brett (1956) concluded that ictalurids have the highest 
tolerance and cyprinids have intermediate tolerance, we found that thermal tolerance was 
not grouped by taxa. Thermal tolerance of the cyprinids tested ranged from 35.8°C for 
speckled dace to 40.5°C for longfin dace when acclimated at 30ºC. Although previously 
studied, we re-tested several nonnative species to ensure that CTMax values were 
estimated for fish from this geographic area. Our results were consistent with other 
studies. Red shiner ranked within the top five of the eighteen species tested in this study 
and is known to successfully cope with extreme pH, salinity and temperature (Matthews 
and Hill 1977).  King et al. (1985) report that red shiners experience loss of equilibrium 
at 36.5-38.0°C (SD = 0.41-94) when acclimated at 25°C. Similarly, loss of equilibrium 
was reported at 39.6°C (SD = 0.23) when red shiners from a Texas population were 
acclimated at 30°C (Rutledge and Beitinger 1989) (Table 2). The red shiner has become a 
notorious invader throughout streams in Arizona, and has been cited in the decline of 
several native species (U.S. Fish and Wildlife Service 1991a; 1991b). Red shiner is able 
to persist in environments that have been rendered inhospitable for many native fishes 
(Douglas et al. 1994), and can tolerate thermal shock at high and low temperatures 
(Matthews and Hill 1977). Data for other nonnative species was consistent with our 
findings. Currie et al. (1998) reported CTMax values as 36.7 + 0.59°C (SD) and 38.5 + 
0.34°C, for largemouth bass from Oklahoma acclimated at 25 and 30°C, respectively, at a 
rate of change of 0.3°C/min. Similar consistencies exist for mosquito fish data presented 
by Otto (1973), from a population taken from Arizona State University (Table 2). Among 
the nonnative species tested, geographical variability does not exist when compared to 
the literature. Similarities in CTMax values indicate that thermal tolerance is consistent 
for species from different regions. This provides us with some confidence that results 
from different studies can be compared when similar rates of change are used. 



 

 

Temperature tolerance acclimation is the process of re-establishing internal homeostasis 
allowing for survival in heterogeneous thermal environments. Stauffer et al. (1984) 
demonstrated that cyprinids possess a greater ability to acclimate to changing temperature 
than do salmonids.  Among the eighteen species we studied, there was a large amount of 
variability in the ability to extend the CTMax and upper lethal limits by acclimation to 
higher temperatures as shown by the variation in ARR values. A limited ability for 
temperature tolerance acclimation indicates that the realized tolerance of a species is 
similar to the fundamental tolerance regardless of the acclimation temperature (Beitinger 
and Bennett 2000).  Red shiner and woundfin Plagopterus argentissimus can greatly shift 
their CTMax in response to acclimation temperature (Deacon et al. 1987). This provides 
these species with an advantage in warmer, shallower and thermally variable 
environments. Loach minnow, Gila chub, desert pupfish and speckled dace have a limited 
ability to extend upper thermal tolerance, compared to Gila topminnow, bluegill sunfish 
and green sunfish. These data suggest that species with low ARR would be most sensitive 
to increasing thermal regimes, as these species have little ability to extend their thermal 
range. If temperatures were increased at a much slower rate than 0.3°C/min, species with 
high ARR values would likely have the ability to extend their upper thermal tolerance 
and remain active during periods of rapid temperature increase, permitting escape from 
stressful situations. Under natural conditions, species with low ARR values may not be 
able to withstand large daily and annual fluctuations in temperature. For example, loach 
minnow have been described as widely adaptable to varying physical conditions, 
including flow and substrate (Rinne 1989). As loach minnow have a limited ability to 
adapt to high temperature, relative to other species, temperature may be a factor limiting 
their range. This may also be true for desert pupfish, which has evolved in a stable 
thermal environment. Desert pupfish from Quitobaquito Springs, Arizona commonly and 
preferentially occupy waters with temperatures from 40-41°C when water with 
temperatures of 30°C is immediately available to the fish (Lowe and Heath 1969). These 
high temperatures are only 1-2 °C below their thermal limit indicating that behavioral 
thermoregulation is occurring (Hutchison and Manness 1979).     
 
Overall our results indicate that native cyprinids were less tolerant to high temperature 
than nonnative cyprinids and centrarchids. Evolutionary history was cited as the reason 
for the success of the Arroyo chub Gila orcutti in displacing the native Mojave tui chub 
Gila bicolor mohavensis (Castleberry and Cech 1986). Due to their evolution in 
fluctuating environmental conditions, including temperature, Arroyo chub are better 
adapted for dealing with fluctuating environmental conditions in the Mojave River. 
Changing thermal regimes throughout Arizona may be negatively impacting native 
species by exposing native fish to temperature fluctuations outside of their tolerance 
range and favoring some of the more heat tolerant nonnative species, which evolved with 
larger temperature extremes. Historically, desert streams and rivers experienced small 
daily and annual temperature fluctuations. Anthropogenic alteration of stream channels 
and riparian areas have increased the amount of exposed surface area and increased the 
amount of solar radiation reaching the stream, resulting in substantially elevated water 
temperatures (Dickerson and Vinyard 1999). Today stream temperatures throughout 
Arizona regularly reach 34-35ºC in summer and have been as high as 40.3ºC during July 



 

 

and August (Deacon and Minckley 1974). Although surface temperatures may have 
achieved such high temperatures in the past, water depth provided a buffer with water 
temperatures at greater depths being much cooler (John 1964; Deacon and Minckley 
1974). 

Temperature is only one of many abiotic factors that impacts the distribution and 
survival of native fishes. However, changing thermal environments in Arizona streams 
and rivers, such as elevated daily and annual mean temperatures, may be adversely 
impacting native desert fishes. Our results provide baseline data concerning the thermal 
tolerance of these species. More research is needed to determine the thermal requirements 
of native and nonnative fish species, specifically to determine interactions occurring 
among these species at high temperatures.  
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Table 1.  Fish species, sorted by family, used in critical thermal maximum tests, with total length (mm) and 
status in Arizona. 
 
Family and Scientific Name Common Name Total Length (mm) Status in Arizona 
Cyprinodontidae    
Cyprinodon macularius Desert Pupfish 27 - 42 Native 
Cyprinidae    
Rhinichthys osculus Speckled Dace 37- 68 Native 
Tiaroga cobitis Loach minnow 34 – 49 Native 
Agosia chrysogaster Longfin Dace 29 – 44 Native 
Meda fulgida Spikedace 34 – 51 Native 
Cyprinella lutrensis Red Shiner 38 – 60 Nonnative 
Pimephales promelas Fathead Minnow 72 - 80 Nonnative 
Gila intermedia Gila Chub 49 - 64 Native 
Gila robusta Roundtail Chub 34 - 51 Native 
Gila elegans Bonytail Chub 24 - 43 Native 
Catostomidae    
Catostomus clarki Desert Sucker 36 – 60 Native 
Xyrauchen texanus Razorback Sucker 44 - 64 Native 
Centrachidae    
Lepomis macrochirus Bluegill Sunfish 92 – 113 Nonnative 
Lepomis cyanellus Green Sunfish 48 - 109 Nonnative 
Micropterus salmoides Largemouth Bass 51 - 79 Nonnative 
Peociliidae    
Poeciliopsis occidentalis Gila Topminnow 25 – 50 Native 
Gambusia affinis Mosquito Fish 26 – 46 Nonnative 
Ictaluridae    
Ameiurus natalis Yellow Bullhead 49 - 116 Nonnative 



 

 

 
Table 2.  Upper lethal tolerance of selected species found throughout Arizona. Where available, CTM 
results are presented with loss of equilibrium as the endpoint. Thermal tolerance is presented with a 95% 
confidence interval unless otherwise noted. 
 

Species Method 
Rate of 
Change 

(0C) 

Acclimation 
temperature 

(0C) 

Upper lethal 
(0C) Reference 

Pimephales promelas CTM 0.3 32 40.4 (SD=0.25) Richards and 
Beitinger, 1995 

25 38.7 (SD=0.36) 
Ictalurus punctatus CTM 0.3 

30 40.3 (SD=0.29) 
Currie et al. 1998 

Catostomus latipinnis CTM 0.24 25 37.0 (SD=0.29) 

Plagopterus argentissimus CTM 0.24 25 39.5 (SD=0.21) 

Lepidomeda mollispinis 
mollispinis CTM 0.24 25 37.0 (SD=0.44) 

Deacon et al. 
1987 

Lepomis cyanellus CTM 0.017 26 32.7 (SD = 
0.75) 

Smale and 
Rabeni, 1995 

25 36.3- 37.0 
Lepomis macrochirus CTM 1.0 

30 37.4-39.6 
Holland et al. 

1974 

25 36.7 (SD = 
0.59) 

Micropterus salmoides CTM 0.3 
30 38.5 (SD = 

0.34) 

Currie et al. 1998 

25 36.5 – 38.0 + 
0.41-0.94 King et al. 1985 

Cyprinella lutrensis CTM 0.3 
30 39.6 (SD = 

0.23) 
Rutledge and 

Beitinger, 1989 

CTM 0.3 20 32.4 + 1.90 Castleberry and 
Cech, 1992 

Rhynicthys osculus 
CTM 0.24 25 36.8 (SD=0.63) Deacon et al. 

1987 

25 39.5 
Gambuisa affinis CTM 0.3 

30 42.3 
Otto 1973 

Cyprinodon macularius CTM 0.5 30 42 (SD 0.30) Lowe and Heath, 
1969 



 

 

 
Table 3.  Loss of equilibrium temperatures for native and nonnative species found throughout Arizona. 
Loss of equilibrium was recorded for two acclimation temperatures including 25°C and 30°C. Confidence 
intervals (95%) are indicated for each value. Species are ranked by CTMax value for an acclimation 
temperature of 25°C. 

 

 
 
 
 

 
Species CTMax at 250C CTMax at 300C Upper Lethal 

Tolerance at 25°C 
Upper Lethal 

Tolerance at 30°C 

Desert Pupfish 40.0 + 0.26 °C 41.3 + 0.32 °C 41.8 + 0.23 °C 42.7 + 0.28 °C 

Mosquitofish 39.5 + 0.32 °C 41.4 + 0.76 °C 40.7 + 0.22 °C 42.1 + 0.44 °C 

Gila Topminnow 38.4 + 0.35 °C 41.1 + 0.35 °C 39.4 + 0.33 °C 42.1 + 0.28 °C 

Longfin Dace 38.2 + 0.08 °C 40.5 + 0.16 °C 38.9 + 0.14 °C 41.1 + 0.13 °C 

Yellow Bullhead 38.0 + 0.44 °C ------- 39.8 + 0.92 °C ------ 

Largemouth Bass 37.8 + 0.28 °C ------- 39.1 + 0.40 °C ------ 

Red Shiner 37.6 + 0.62 °C 39.7 + 0.27 °C 39.5 + 0.32 °C 40.9 + 0.23 °C 

Green Sunfish 37.4 + 0.53 °C 40.2 + 0.50 °C 39.3 + 0.20°C 41.5 + 0.21 °C 

Bonytail Chub 37.2 + 0.42 °C 39.0 + 0.26 °C 38.7 + 0.36 °C 40.2 + 0.21 °C 

Gila Chub 37.0 + 0.20 °C 38.1 + 0.30 °C 38.3 + 0.24 °C 39.0 + 0.29 °C 

Razorback Sucker 36.7 + 0.23 °C 39.1 + 0.33 °C 39.1 + 0.17 °C 40.3 + 0.12 °C 

Roundtail Chub 36.6 + 0.11 °C ------ 38.0 + 0.30 °C ------ 

Fathead Minnow 36.1 + 1.17 °C ------ 36.9 + 1.07 °C ------ 

Bluegill Sunfish 35.8 + 0.38 °C 38.7 + 0.27 °C 37.3 + 0.32 °C 39.6 + 0.19 °C 

Loach Minnow 35.3 + 0.20 °C 36.1 + 0.32 °C 36.5 + 0.14 °C 36.8 + 0.47 °C 

Desert Sucker 35.1 + 0.30 °C 36.7 + 0.28 °C 36.9 + 0.16°C 37.6 + 0.17 °C 

Spikedace 34.7 + 0.48 °C 36.9 + 0.68 °C 37.0 + 0.35 °C 39.1 + 0.35 °C 

Speckled Dace 34.4 + 0.42 °C 35.8  + 0.57 °C 36.0 + 0.44 °C 36.9 + 0.28 °C 

 



 

 

 
Table 4.  Acclimation response ratio for all species acclimated at 25 and 30°C (∆T = 5°C). Acclimation 
response ratio determined for both CTMax (∆CTM/∆T) and upper lethal tolerance (∆ULT/∆T) values. 
 

Species ∆CTM ∆CTM/ ∆T ∆ULT ∆ULT/∆T 

Bluegill Sunfish 2.9°C 0.58 2.3°C 0.46 

Green Sunfish 2.8°C 0.56 2.2°C 0.44 

Gila topminnow 2.7°C 0.54 2.7°C 0.54 

Razorback Sucker 2.4°C 0.48 1.2°C 0.24 

Longfin dace 2.3°C 0.46 2.2°C 0.44 

Spikedace 2.2°C 0.44 2.1°C 0.42 

Red Shiner 2.1°C 0.42 1.4°C 0.28 

Mosquito fish 1.9°C 0.38 1.4°C 0.28 

Bonytail Chub 1.8°C 0.36 1.5°C 0.30 

Desert Sucker 1.6°C 0.32 0.7°C 0.14 

Speckled Dace 1.4°C 0.28 0.9°C 0.18 

Desert Pupfish 1.3°C 0.26 0.9°C 0.18 

Gila Chub 1.1°C 0.22 0.7°C 0.14 

Loach minnow 0.8°C 0.16 0.3°C 0.06 
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