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OPTIMAL TEMPERATURES FOR GROWTH AND UPPER THERMAL
TOLERANCE OF JUVENILE NORTHERN LEATHERSIDE CHUB
Eric J. Billman1, Eric J. Wagner2,3, Ronney E. Arndt2, and Erin VanDyke2
ABSTRACT.—We examined optimal temperatures for growth and the upper thermal tolerance of juvenile northern
leatherside chub (Lepidomeda copei). We conducted 2 experiments using the acclimated chronic-exposure method to
estimate optimal temperature for growth of age-0 northern leatherside chub (range 12.8–28.3 °C). Upper thermal tolerance was estimated using the critical thermal maximum (CTM) and upper incipient lethal temperature (UILT) methods
for fish acclimated at 15, 18, 23, and 28 °C. We also measured stream temperatures in Yellow Creek, Summit County,
Utah, during July–August 2006 to compare our results to actual summer stream temperatures. Survival in growth tests
was not significantly different between treatment temperatures in either experiment (P > 0.098). The optimal temperature
for growth in the 1st trial estimated from the 2nd-order polynomial regression was 23.0 °C, falling outside the range of
experimental temperatures (12.8–22.2 °C). The estimated optimal temperature for growth in the 2nd trial was 23.2 °C.
In the upper thermal tolerance tests, juvenile northern leatherside chub had CTM values between 29.6 and 35.0 °C;
CTM values increased as acclimation temperature increased. Upper incipient lethal temperatures (LT50) ranged from
26.5 to 30.2 °C, increasing with acclimation temperature. Summer stream temperatures in Yellow Creek had a lower
mean (14.0–18.1 °C) than did the optimal temperature for growth determined in these studies, but these temperatures
exhibited diel fluctuations as large as 15.7 °C.
Key words: leatherside chub, Lepidomeda copei, temperature, critical thermal maximum, UILT, growth efficiency,
Plagopterini.

Leatherside chub is a small cyprinid native
to streams and rivers in the Bonneville Basin
and the upper Snake River drainage of western
North America (Sigler and Sigler 1987, Johnson
et al. 2004). Recent analyses have indicated
that there are 2 distinct taxonomic groups of
leatherside chub, a northern group (Lepidomeda copei) and a southern group (Lepidomeda aliciae), which are now considered separate species (Johnson and Jordan 2000, Dowling et al. 2002, Johnson et al. 2004, Belk et al.
2005). Lepidomeda copei populations historically occurred in the Snake River system, the
Bear River system (Utah, Wyoming, and Idaho),
and in the Little Wood River of Idaho and
Wyoming. Numbers of both species of leatherside chub have declined dramatically in the
past century due to habitat degradation (e.g.,
impoundments, dewatering, and siltation) and
introduction of nonnative species, particularly
brown trout Salmo trutta (Walser et al. 1999,
Wilson and Belk 2001, Olsen and Belk 2005).
Recent population surveys indicate that declines in northern leatherside chub have left
the remaining populations increasingly isolated;

as such, northern leatherside chub are considered a “species of concern” in Utah (Wilson
and Lentsch 1998, Combes and Hardy 2003,
Nadolski and Thompson 2004).
Recent research has provided basic life history information on leatherside chub (Johnson
et al. 1995, Walser et al. 1999, Wilson and Belk
2001, Bell and Belk 2004, Quist et al. 2004,
Olsen and Belk 2005), but temperature requirements for growth and tolerance to extreme temperatures have not been studied.
Temperature is an important habitat component because it affects most biochemical and
physiological processes in fishes (Brett 1979).
As such, the distribution of stream fishes is
partially determined by temperatures required
for growth and reproduction, as well as the
ability of the fish to tolerate local extremes in
temperatures (McHugh and Budy 2005). Similarly, the thermal requirements and tolerances
of a species provide information needed for
predictions of a species’ persistence given
changes in stream habitat (Eaton and Scheller
1996, Keleher and Rahel 1996, Widmer et al.
2006).
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TABLE 1. Mean temperatures and age-0 northern leatherside chub survival for each treatment in 2 trials assessing
the effects of temperature on growth. Standard deviation
is shown in parentheses.
Trial
1

2

Temperature (°C)

Survival (%)

12.8 (0.31)
15.5 (0.28)
17.9 (0.51)
19.9 (0.66)
22.2 (0.90)
16.6 (0.26)
19.7 (0.34)
22.6 (0.39)
25.3 (0.59)
28.3 (0.54)

85 (13.2)
90 (0.0)
93 (5.8)
95 (5.0)
88 (7.6)
99 (2.3)
97 (2.3)
96 (6.9)
95 (2.3)
87 (4.6)

The objectives of this study of age-0 northern leatherside chub were to determine the
effects of temperature on growth and survival
and to determine an upper temperature tolerance. The acclimated chronic-exposure method
(Selong et al. 2001) was used to determine the
effects of static temperature on growth and
survival of northern leatherside chub and to
estimate optimal temperatures for growth. The
upper temperature tolerance was determined
using both the critical thermal maximum (CTM;
Becker and Genoway 1979) and 96-hour upper
incipient lethal temperature methods (Fry
1947, Armour 1991).
METHODS
Effects of Temperature on Growth
We conducted 2 temperature trials using the
acclimated chronic-exposure method with static
temperatures at the Utah Division of Wildlife
Resources’ Fisheries Experiment Station in
Logan, Utah. Age-0 northern leatherside chub
were produced in summer 2005 using wild
broodstock from Deadman Creek, Bear River
Drainage, Utah, maintained at the Fisheries
Experiment Station. A flow-through system
previously described by Billman et al. (2006)
was modified for each experiment to achieve
test temperatures. Cold well water (14 °C) was
mixed with heated warm well water (18 °C
before heating with two 6-kW, 240-V water
heaters) in separate head boxes. Heated water
passed through degassing columns prior to
mixing. For each temperature, a head box supplied water to three 38-L aquaria; each aquarium served as a replicate for that temperature.
Additionally, cold well water was chilled with

[Volume 68

a water chiller (Pro-cool Titanium Chiller 553030, AREA, Inc., Homestead, FL) to reach the
lowest test temperature in the 1st trial. Mean
flow rate into each replicate was 1.2 and 1.6 L
⋅ min–1 for the 1st and 2nd trials, respectively.
We used a temperature logger (Hobo® Water
Temp Pro), which recorded temperature every
3 hours, to monitor water temperature from 1
replicate within each treatment. On a weekly
basis, temperature data were downloaded and
the loggers were rotated among the 3 replicates within a treatment. All aquaria and connecting pipes were covered with insulation to
minimize temperature fluctuations. Temperatures were maintained throughout each trial
with minimal fluctuations (Table 1). Full-spectrum fluorescent lights provided a 14 h : 10 h
(light:dark) photoperiod for the 1st study, and
a 10 h : 14 h (light:dark) photoperiod for the
2nd study. The different photoperiods were
used to simulate natural conditions.
Fish were fed a diet of ground commercial
flake feed (TetraMin®). The fish were fed 3
times daily during the workweek and twice
daily on the weekends; regardless of the day,
each replicate received 8% of the total fish
biomass daily. This was a relatively large
amount of feed, but we wanted to ensure that
fish in all treatments were fed to excess, so
that feed was not a limiting factor. Additionally, we supplemented the diet with brine
shrimp (Artemia franciscana) nauplii (44 mg
once daily) that we had frozen in ice cubes.
For the 1st portion of each study, the feed
ration was adjusted weekly, based on our
assumption of a 3% daily increase in biomass.
On days 26 and 51 of the 1st study and days
27 and 54 of the 2nd study, the weight of fish
from each replicate was measured by placing
all fish into a preweighed beaker of water,
measuring the increase in total weight, and
dividing by the number of fish. Specific
growth rate (SGR = [(loge weightfinal – loge
weightinitital)/(number of days)] ⋅ 100) was estimated for each replicate after each sample
date and used to adjust the weekly feed ration
for the weeks following the sample. Mortalities
were removed daily, and total length and
weight of these individuals were measured.
In the 1st trial, growth and survival of age0 northern leatherside chub were measured
over a 76-day period at the following test temperatures: 12.8, 15.5, 17.9, 19.9, and 22.2 °C
(Table 1). The upper temperature was based
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on mean summer temperatures observed in
streams where adult northern leatherside chub
exist (Belk et al. 2005). After hatching on 9
August 2005, age-0 L. copei were held in 18 °C
well water, until 15 September, after which
water temperature was lowered to 16.5 °C. On
28 September, twenty 50-day old fish were
randomly selected and placed into each aquarium. Initial weights for fish within each tank
were obtained using the methods described
above. Fish averaged 69.7 mg, and there was
no significant difference (P = 0.464) in mean
individual weights among treatments. The fish
were transferred directly into aquaria that were
already at treatment temperatures, allowing no
time for acclimation. However, the largest temperature change was only 5.7 °C, and no fish
showed evidence of thermal shock due to the
rapid change. Fish were held at test temperatures for 76 days to simulate the duration of
exposure to the potentially high or low seasonal temperatures (Selong et al. 2001). After
the 76 days, we measured the weight of the
fish in each replicate as above and estimated
specific growth rate over the entire time period.
The 2nd trial was conducted because lack
of growth inhibition at the highest temperature in the 1st trial indicated that we had not
adequately bracketed the temperatures for
optimal growth. In the 2nd trial, growth and
survival of age-0 northern leatherside chub
were measured over a 79-day period at the
following test temperatures: 16.6, 19.7, 22.6,
25.3, and 28.3 °C (Table 1). Age-0 fish for the
trial were initially held in 18 °C well water until
29 September 2005, after which water temperature was lowered to 15.6 °C. On 20 December,
twenty-five 105–108-day-old fish were randomly selected and placed into each of the 3
replicates for the 16.6 and 19.7 °C treatments,
and 225 were placed into the 22.6 °C treatment
aquaria. The following day, the 225 northern
leatherside chub that had been in the 22.6 °C
treatment were randomly distributed into the
remaining replicates for the warmer treatments.
This was done to provide the fish at the warmest temperatures with at least a short acclimation period rather than a rapid 12.6 °C temperature change. As with the 1st trial, no fish
showed evidence of thermal shock. Initial
weights of the fish (measured using methods
described above) were not significantly different
among treatments (P > 0.441); fish averaged
176.2 mg. Fish were held at their assigned
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temperatures for 79 days, after which final
weight was measured and specific growth rate
estimated for each replicate.
For each trial, differences in specific growth
rates among temperatures were compared via
a one-way ANOVA. Post hoc comparisons were
conducted with Tukey’s test. Optimal temperature range for growth was determined for each
study by fitting the data (mean specific growth
rate per tank and temperature) to a 2nd-order
polynomial regression. The optimal temperature, or temperature for maximum growth, was
estimated by setting the 1st derivative of the
regression equation equal to zero (Selong et
al. 2001). Differences in percent survival among
temperatures were analyzed using the Kruskal–
Wallis test because the data did not meet
assumptions of normality. SPSS version 13
(SPSS 2004) was used for all analyses, and α
= 0.05 for significance determinations.
Upper Temperature Tolerance
Upper temperature tolerance was estimated
using the critical thermal maximum method
(CTM) and the upper incipient lethal temperature (UILT) method (Cowles and Bogert 1944,
Paladino et al. 1980, Armour 1991). Each of
the temperature tolerance tests has its own
strengths and weaknesses, and interpretation
of the data is slightly different for each test
(Beitinger et al. 2000). The CTM method
(Cowles and Bogert 1944) has been useful for
comparing relative thermal tolerance among
species or even among populations of the same
species (Kowalski et al. 1978, Becker and
Genoway 1979, Matthews 1986), as well as
documenting sublethal effects of pollutants
(Watenpaugh and Beitinger 1985, Carrier and
Beitinger 1988). The test requires less time to
conduct than the UILT, but the estimates of
thermal tolerance are typically higher because
chronic temperature effects are not evaluated
(Lohr et al. 1996, Wagner et al. 2001). The
UILT method (Fry 1947, 1967) has been used
to establish upper thermal limits for many
species (Tyler 1966, Cook et al. 2006). It is
considered a more accurate estimate of thermal
tolerance under natural conditions (Paladino
et al.1980). However, even UILT values are
only general guidelines given that temperature
fluctuations and chronic temperature effects
may result in slightly differing thermal maxima
(Wehrly et al. 2007). For reviews of the methods see Brungs and Jones (1977), Paladino et
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al. (1980), Armour (1991), Lutterschmidt and
Hutchison (1997), and Beitinger et al. (2000).
We used F1 progeny from northern leatherside chub raised at the Fisheries Experiment
Station from 2 wild sources within the Bear
River drainage of Utah and Wyoming: Deadman Creek and Yellow Creek. The fish were
divided into 4 groups reared at different acclimation temperatures: 15.0 +
– 0.6 °C, 18.0 +
– 1.0
°C, 23.0 +
– 1.1 °C, and 28.0 +
– 1.5 °C. There
were 3 aquaria for each acclimation temperature: 2 with Deadman Creek progeny and 1
with Yellow Creek progeny. They remained in
the acclimation tanks for at least 50 (CTM
tests) to 57 days (UILT tests) prior to tests.
Temperatures >15 °C were achieved by
heating well water in a separate raceway with
immersion heaters. The heated water was degassed in a 1.5-m column of Koch rings and
plumbed to head boxes where it was mixed with
the 15 °C water to achieve the target temperatures. Total hardness, measured as CaCO3
content, of the well water was 222 mg ⋅ L–1.
Prior to the tests, fish were fed 3–4 times daily
(1–2 times daily on weekends) with TetraMin®
flake feed and supplemented with frozen Artemia nauplii several times per week.
For CTM tests, fish were randomly selected
and tested individually. Five or more fish from
each source were tested, totaling at least 10
fish from each acclimation temperature. Fish
were placed in a 4.0-L Erlenmeyer flask containing 3.0 L of water from the acclimation
tank. Temperature was increased at a constant
rate of 0.2 °C ⋅ min–1 on a laboratory hot plate,
similar to the rate recommended by Becker and
Genoway (1979). Uniform temperature was
maintained in the flask by a magnetic stir bar.
The water was stirred slowly enough so that
fish did not have to swim against a current
while uniform temperature was being maintained. Temperature was recorded every 10
minutes with a digital probe that was suspended off the bottom of the flask, and the
change in temperature was calculated between
the 10-minute intervals. Time and temperature
was recorded when the fish lost equilibrium,
whereupon the test was concluded. Dissolved
oxygen (DO) was recorded at the end of the
test. The average weights of the fish tested
were 0.35 g for Deadman Creek fish and 0.27
g for Yellow Creek fish.
For the UILT tests, northern leatherside
chub from each of the acclimation temperatures
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were challenged in 4 separate tests (1 test per
acclimation temperature) with high temperatures over a 96-hour period. For each test there
were 3–4 challenge temperatures ranging from
17 to 32 °C, as well as a control at the acclimation temperature. There were 3 replicate buckets per challenge temperature (12–15 buckets
total) with 10 fish in each bucket. Mortality
rates were determined for each 26-L bucket.
Fish for the study were a mix of juveniles from
both Deadman Creek and Yellow Creek parental origins. To achieve the challenge temperature, a 200-watt aquarium heater ( Jäger,
Plochinger, Germany) was put in each bucket.
A small water pump in each bucket kept the
water mixed and ensured that a uniform temperature was maintained. Fish were transferred
directly from the acclimation tank to the preheated test tank.
Fish were not fed during the 96-hour period
and no water exchanges were conducted. In
some of the highest challenge temperatures, up
to a liter of water was added to compensate for
evaporation and maintain water levels for proper functioning of the heater thermostat. Water
temperatures were measured at least every 2
hours and DO was measured once daily with a
calibrated probe. Any mortalities were removed
and counted as they occurred. Total length and
weight measurements were taken on dead fish
when they were removed and also on survivors
at the end of each test. When tests were concluded, DO was measured, as well as pH (Orion
meter) and total alkalinity (Hach Chemical Co.
kit, Loveland, CO). Carbon dioxide concentrations were estimated using total alkalinity,
pH, and temperature data (Boyd 1990).
A general linear model with acclimation temperature and fish source as fixed variables was
used to analyze differences in CTM values. The
least significant difference test was used for
subsequent mean comparisons. Probit analysis
was used to estimate the temperature that was
lethal to 50% of the fish at a given acclimation
temperature within the UILT tests. Mean
length and weight were tested for normality
using the Kolmogorov-Smirnov and ShapiroWilkes tests (SPSS 2004). A t test was used to
compare mean length and weight between
mortalities and survivors within each test.
Summer Stream Temperatures
We recorded water temperature at 3 sites
in Yellow Creek, Summit County, Utah, where

Specific growth rate (% body weight ⋅ day–1)
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SGR = –4.706 + 0.644 * temp – 0.014 * temp2
r2 = 0.963

SGR = –10.155 + 1.022 * temp – 0.022 * temp2
r2 = 0.948

Temperature (°C)
Fig. 1. Specific growth rate of northern leatherside chub in relation to temperature as determined for temperature
trial 1 (a) and temperature trial 2 (b). Each circle represents the mean individual weight gain of fish for each tank at each
treatment temperature. Hairlines indicate the 95% confidence limits of the regression line. The correlation coefficients
of the regressions are also presented. Letters indicate significant (α = 0.05) differences in specific growth rate among
temperatures for each study.

populations of northern leatherside chub are
known to exist, to compare the results of the
laboratory studies to actual stream temperatures that the northern leatherside chub encounters. Yellow Creek is a small, high-elevation (2000–2500 m) stream tributary to the Bear
River. It has a native fish community typical
for the region and does not contain any nonna-

tive species. The elevation of this stream is
similar to streams in other drainages where
northern leatherside chub have been documented (Quist et al. 2004). The upstream-most
site (site 1) was 5.7 km from Yellow Creek’s
source and represents the upstream limit for
northern leatherside chub (Nadolski and
Thompson 2004). Site 2 was 5 km downstream
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TABLE 2. Mean (n = 5) critical thermal maximums (°C) for 2 sources of northern leatherside chub when the fish are
acclimated to different temperatures. Standard deviation is shown in parenthese. A common letter follows the means
that are not significantly different within a row.

Source

Acclimation temperature (°C)
__________________________________________________________________________
15.0
18.0
23.0
28.0

Deadman Creek
Yellow Creek
Average

29.5 (0.4) a
29.7 0.4) a
29.6 0.4)

32.0 0.5) b
31.7 0.2) b
31.8 0.4)

34.6 0.4) c
34.6 0.4) c
34.6 0.4)

35.1 0.8) c
34.9 0.6) c
35.0 0.7)

TABLE 3. Average cumulative percent mortality (n = 3) over 96 hours for northern leatherside chub after being transferred from a given acclimation temperature to a challenge temperature. Also given is the lethal temperature (LT50) at
which 50% of the 10 experimental fish are estimated to die within a 96-hour exposure.
Challenge temperature (°C)
_________________________________________________________________________
Acclimation
temperature (°C) 17.0
15.0
18.0
23.0
28.0

18.0

23.0

0
0

26.0

27.0

28.0

29.0

10.0
6.7

89.0
30.0

94.0
10.0
3.3
0

100
75.5
20.0

6.6

from site 1, while site 3 was 35 km downstream,
below Barker Reservoir. From 22 July to 24
August 2006, temperature loggers at the 3
sites recorded temperature every 30 minutes.
We calculated mean, minimum, and maximum
temperatures at each site, as well as mean and
maximum diel temperature change.
RESULTS
Effects of Temperature on Growth
In the 1st trial, specific growth rate was significantly different among treatments, except
at 17.9 and 19.9 °C, with specific growth rate
being higher at warmer temperatures (F4,14 =
109.12, P < 0.001; Fig. 1). The highest specific
growth rate observed was at the highest temperature (22.2 °C). However, the optimal temperature for growth as predicted from the
2nd-order polynomial regression (23.0 °C) was
outside the range of temperatures used in this
trial. The survival of northern leatherside chub
ranged from 85% at 12.8 °C to 95% at 19.9 °C
and was not significantly different among temperature treatments (H4 = 2.893, P = 0.576;
Table 1).
In the 2nd trial, specific growth rate was
significantly different among treatments (F4,14
= 50.039, P < 0.001; Fig. 1). Specific growth
rate was significantly lower in the 16.6 °C
treatment compared to other temperatures,
while it was significantly higher in the 22.6

30.0

23.3
38.9

31.0

100
100

32.0

100

LT50 (°C)
26.5
28.7
30.4
30.2

and 25.3 °C treatments (not significantly different from each other) compared to the other
treatments. The optimal temperature for maximum growth was estimated to occur at 23.2 °C
using the 2nd-order polynomial regression.
The survival of northern leatherside chub was
not significantly different among temperature
treatments (H4 = 7.829, P = 0.098; Table 1),
ranging from 87% at 28.3 °C to 99% at 16.6 °C.
Upper Thermal Tolerance
Mean CTM values significantly increased
from 29.6 to 35.0 °C as the acclimation temperature increased (P < 0.001; Table 2). There
was no significant difference in the CTM values
between the 2 stream sources at all acclimation temperatures (P = 0.644).
UILT increased as acclimation temperature
increased. Values indicated that 30.2 to 30.3 °C
is the ultimate upper incipient thermal limit
that northern leatherside chub can tolerate
(Table 3). Probit analysis indicated that LT50
values ranged from 26.5 to 30.3 °C, generally
increasing as acclimation temperatures increased (Table 3). At lower acclimation temperatures, an increase of greater than 10–12 °C
led to significant mortality. Within individual
tests, only in the 18 °C acclimation temperature
trial was length significantly longer for live
fish than for dead fish (P = 0.022); total fish
length in all other tests did not significantly
differ between live and dead fish. Mean weight
was significantly greater for dead fish than for
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TABLE 4. Range of values in water quality parameters for 96-hour UILT tests among all tanks for a given acclimation
temperature trial.
Acclimation temperature (°C)
_____________________________________________________________________
15.0
18.0
23.0
28.0
Carbon dioxide (mg ⋅ L–1)
Dissolved oxygen (mg ⋅ L–1)
Total un-ionized NH3 (mg ⋅ L–1)
pH

32.8–45.1
7.4–10.0
0.001–0.014
8.2–8.5

36.9–45.1
7.2–10.0
0.001–0.095
8.1–8.4

28.7–41.0
6.7–8.5
0.020–0.170
8.1–8.3

37.0–41.0
7.2–8.2
0.0005–0.012
7.9–8.3

TABLE 5. Summary of elevation and water temperatures (°C) from 3 sites in Yellow Creek, Utah, 22 July to 24 August
2006. Sites are ordered upstream to downstream (see text for site descriptions).
Site
Site 1
Site 2
Site 3

Elevation (m)

Mean
temperature (range)

Mean diel
temperature change

Maximum diel
temperature change

2405
2295
2100

14.1 °C (7.0–25.0)
17.3 °C (9.3–28.7)
18.0 °C (11.0–27.1)

10.4
11.8
9.5

13.7
15.7
12.6

live fish in the 15 °C acclimation temperature
trial (P = 0.004) but did not significantly differ
between live and dead fish in the other 3 tests.
Water quality for each of the tests indicated
that values for these parameters were within
ranges that should not have led to mortality
(Table 4). All control fish survived the treatments with the exception of a few fish (6%) in
the 23 °C acclimation temperature trial.
Summer Stream Temperatures
Stream temperature fluctuated greatly at all
sites (Table 5). Mean daily temperatures ranged
from 14.1 to 18.0 °C and were cooler upstream
and warmer downstream. The difference between the monthly maximum and minimum
temperatures ranged from 16.1 to 19.4 °C, with
a maximum temperature at any site of 28.7 °C
and a minimum temperature of 7.0 °C. The
mean diel temperature fluctuations ranged from
9.5 to 11.8 °C, with the maximum diel fluctuation being 15.7 °C. Juvenile and adult northern leatherside chub were observed at each
site when temperature loggers were set and
retrieved.
DISCUSSION
Many western fish species have broad
thermal tolerances because of the environment in which they live (Sigler and Sigler
1987). Arid summers and cold winters cause
large seasonal variation in stream temperature,
and large diel temperature fluctuations, particularly during summers, are also typical in
western streams (Schrank et al. 2003, this

study). Age-0 northern leatherside chub demonstrated broad thermal tolerances in these studies. While the optimal temperature for growth
was estimated at 23.2 °C, age-0 northern
leatherside chub had positive growth and similar survival over a wide range of temperatures
(12.8–28.3 °C). Upper thermal tolerance tests
indicated that northern leatherside chub can
tolerate temperatures as high as 30 °C for short
periods (96 hours) and higher temperatures
(35.0 °C) for shorter periods.
The 2 studies examining the effect of temperature on growth predicted similar optimal
temperatures for growth (23.0 and 23.2 °C from
the 1st and 2nd trials, respectively). However,
the specific growth rates from the 1st trial were
much faster than those observed in the 2nd
trial. The differences in specific growth rates
between trials might be attributed to season;
the 2nd growth trial was done during the winter months, and fish were exposed to a winter
photoperiod but summer temperatures. However, the specific growth rate differences were
more likely due to the difference in fish size
between the 2 trials. Fish weight has been
shown to have a negative relationship with
specific growth rate (Elliott 1975, Ricker 1979,
Elliott et al. 1995). This relationship is characterized by an exponential curve such that
growth rates decrease markedly for small fish
but decrease more slowly for large fish. In the
2nd trial, northern leatherside chub were initially almost 3 times larger than those used in
the 1st trial, and this difference in size resulted in an approximately 37% reduction in
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the predicted maximum growth rate (2.70%
per day for the 1st trial and 1.71% per day for
the 2nd trial; Fig. 1). This is similar to the percent decrease in growth reported for stone
loach (Barbatula barbatula); growth rates for
stone loach decreased by approximately 33%
with a tripling in weight (Elliott et al. 1996).
Thus, the differences in specific growth rates
between the trials are most probably due to
differences in the size of the fish used in each
trial.
Mean daily temperatures in streams where
northern leatherside chub occur are lower
(11.4–18.0 °C; Quist et al. 2004, Belk et al.
2005, this study) than the optimal temperatures for growth, although positive growth was
achieved in the studies at the reported stream
temperatures. Growth of age-0 fish would be
reduced in these lower temperatures, possibly
limiting recruitment; the size of juvenile fish
affects their ability to escape predation and to
avoid overwinter mortality, thus affecting year
class strength and species persistence (Shuter
and Post 1990, Mills 1991, Durham and Wilde
2005). While mean daily temperatures are lower
than optimal growth temperatures, diel fluctuations in stream temperature likely play a key
role in the growth of northern leatherside chub.
In Yellow Creek, stream temperatures during
the diel cycle generally encompassed all temperatures used in the growth study, temperatures at which juveniles experienced positive
growth rates and no significant decrease in
survival. Daily peak temperatures may have a
beneficial effect on growth that enables fish to
grow at rates higher than expected for mean
daily temperatures (Brett 1979, Jobling 1994,
Angilletta 2001). For example, Allen et al. (2006)
found that juvenile green sturgeon Acipenser
medirostris had similar growth rates at both a
cyclical temperature regime of 21.5 +
– 2.5 °C
and a constant temperature of 24 °C. Thus,
juvenile northern leatherside chub could experience growth rates similar to those demonstrated in these studies in streams with low
mean summer temperatures but with diel
fluctuations that overlap optimal growth
temperatures.
Laboratory growth studies often predict
higher growth rates at a given temperature than
those actually observed in the field (Brett 1979).
For example, Edwards et al. (1979) observed
that growth rates of brown trout in the wild
were 60%–90% of the predicted maximum for a
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given temperature based on laboratory studies.
The discrepancies between laboratory and field
growth rates likely represent the energetic
costs fish face when addressing environmental
constraints in the field that are absent in a laboratory setting. Fish in laboratory studies such
as ours are generally fed to excess. In the wild,
fish are likely to encounter variations in prey
availability or quality that will result in food
limitations. Reductions in ration size result in
a decrease in the temperature at which maximum growth rates can be achieved (Brett 1979,
Allen and Wootton 1982, Cui and Wootton
1988). Additionally, fish could experience decreased growth rates as a result of energetic
costs from competition (aggressive interactions
or competitive exclusion from optimal prey or
foraging habitat; Mills et al. 2004) and from
predator avoidance (increased activity or differential habitat utilization; Werner and Hall
1988). The combination of these environmental
constraints can lead to discrepancies between
laboratory and field growth rates.
Northern leatherside chub demonstrated the
ability to extend their upper thermal tolerance
limits with acclimation to higher temperatures.
This adaptation is common in many species
(Loeb and Wasteneys 1912, Brett 1946, Allen
and Strawn 1971). The ability to extend thermal
tolerance limits is likely a response to large
fluctuations in seasonal temperatures, as many
fish species exhibit seasonal changes in thermal
tolerance limits (Hoar 1956, Tyler 1966, Kowalski et al. 1978). The result is that the thermal
tolerance endpoints bracket seasonal water
temperatures fish will encounter (Beitinger
and Bennett 2000).
Body size did not affect thermal tolerance in
most of the tests in this study, similar to observations made by others (Smale and Rabeni
1995, Carline and Machung 2001, Wagner et
al. 2001, Ospina and Mora 2004). However, if
the heating rate is too fast or too slow, size
may influence thermal tolerance (Cox 1974).
Rodnick et al. (2004) noted that while size did
not affect critical thermal maximum values,
larger fish incurred higher metabolic costs at
higher temperatures and were more thermally
sensitive than smaller fish.
Latitudinal gradients in temperature produce consistent patterns affecting physiological characteristics, such as growth, in fishes and
other ectotherms (Belk and Houston 2002, Belk
et al. 2005). Among closely related or sibling
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species, we would predict upper thermal tolerance to follow a model of local adaptation to
thermal regime; that is, species at lower latitudes would have higher upper thermal limits
than species at higher latitudes, because species
at lower latitudes are exposed to higher temperatures for a longer duration (Levinton 1983,
Petricorena and Somero 2007). While upper
thermal tolerance limits are not available for
southern leatherside chub, these limits are
available for 3 species from within the Plagopterini tribe, all found in the lower Colorado
River drainage (Dowling et al. 2002, Johnson
et al. 2004). Both Virgin spinedace (Lepidomeda
mollispinis) and woundfin (Plagopterus argentissimus) from the Virgin River had higher mean
CTM values (37.0 and 39.5 °C, respectively, at
25 °C acclimation temperature; Deacon et al.
1987) compared to northern leatherside chub
(CTM of 35.0 °C at 28 °C acclimation temperature). Similarly, spikedace (Meda fulgida) from
the Gila River had an estimated CTM value of
36.02 °C at 28 °C acclimation temperature, estimated using the acclimation response ratio
reported by Carveth et al. (2006). Thus, upper
thermal tolerance limits in plagopterins appear
to support the model of local adaptation to
thermal regime for some species.
Native aquatic species of western North
America have declined because of stream alterations such as groundwater pumping, channel
straightening, loss of nursery habitat, diversion of water for irrigation, siltation, and introduction of nonnative competitors or predators
(Berkman and Rabeni 1987, Minckley and
Douglas 1991, Olsen and Belk 2005). These
alterations, particularly groundwater pumping
and diversion of water for irrigation, have
diminished surface flows, leading to a loss of
riparian vegetation, stream-channel drying, and
a subsequent increase in stream temperatures.
The stress of high temperatures can have serious effects on native species by reducing
available habitat and limiting recruitment to
populations (Deacon et al. 1987, Modde et al.
2001, Robinson and Childs 2001, Carveth et
al. 2006). Data on the thermal requirements for
growth and the thermal tolerances of northern
leatherside chub can help guide the management of this species, particularly in stream
management decisions, range expansion, and
fish transfer. The data suggest that if stream
temperatures exceed 29–30 °C, significant mortality of leatherside chub will occur. However,
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the values are not absolute and must be considered with the variables noted above, such
as ration level, fluctuations in temperature
(Otto 1974, Carveth et al. 2007), and environmental contaminants (Takle et al. 1983).
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