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Abstract
Ectothermic animals are especially susceptible to temperature change, considering that their metabolism and core temperature 
are linked to the environmental temperature. As global water temperatures continue to increase, so does the need to under-
stand the capacity of organisms to tolerate change. Sheepshead minnows (Cyprinodon variegatus) are the most eurythermic 
fish species known to date and can tolerate a wide range of environmental temperatures from − 1.9 to 43.0 °C. But little is 
known about the physiological adjustments that occur when these fish are subjected to acute thermal challenges and long-
term thermal acclimation. Minnows were acclimated to 10, 21, or 32 °C for 4 weeks or acutely exposed to 10 and 32 °C 
and then assessed for swimming performance [maximum sustained swimming velocity (Ucrit), optimum swimming velocity 
(Uopt)] and metabolic endpoints (extrapolated standard and maximum metabolic rate [SMR, MMR), absolute aerobic scope 
(AS), and cost of transport (COT)]. Our findings show that the duration of thermal exposure (acute vs. acclimation) did not 
influence swimming performance. Rather, swimming performance was influenced by the exposure temperature. Swimming 
performance was statistically similar in fish exposed to 21 or 32 °C (approximately 7.0 BL  s−1), but was drastically reduced 
in fish exposed to 10 °C (approximately 2.0 BL  s−1), resulting in a left-skewed performance curve. There was no difference in 
metabolic end points between fish acutely exposed or acclimated to 10 °C. However, a different pattern was observed in fish 
exposed to 32 °C. MMR was similar between acutely exposed or acclimated fish, but acclimated fish had a 50% reduction in 
extrapolated SMR, which increased AS by 25%. However, this enhanced AS was not associated with changes in swimming 
performance, which opposes the oxygen-capacity limited thermal tolerance concept. Our findings suggest that sheepshead 
minnows may utilize two distinct acclimation strategies, resulting in different swimming performance and metabolic patterns 
observed between 10 and 32 °C exposures.
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Introduction

Estuaries are variable environments that not only transition 
freshwater to marine habitats, but also link aquatic ecosys-
tems with terrestrial ecosystems. For organisms to survive 
and inhabit this dynamic aquatic environment, they must 
either have a capacity for physiological plasticity or pos-
sess a broad physiological response. Both of these strate-
gies are paramount for coping with unpredictable and rapid 
variations in salinity, temperature, and oxygen availability. 
Estuarine fish are aquatic ectotherms, and as such, their core 
temperature is contingent on the environmental temperature. 
Therefore, they are sensitive to changes in temperature, 
which overall affects enzymatic properties, reaction rates, 
membrane fluidity, and metabolism (Hochachka and Somero 
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2002). Within the context of global rising temperatures, 
some aquatic ectotherms may be particularly vulnerable to 
temperature change. For example, the Antarctic icefish is an 
extreme stenotherm (narrow thermal tolerance) that evolved 
in a relatively stable environment for the last 10–14 million 
years (Sidell and O’Brien 2006; Somero 2010). Similarly, 
eurythermic (broad thermal tolerance) species that inhabit 
environments at the top of their thermal range, as is the case 
for tropical species, are predicted to be highly susceptible 
(Nguyen et al. 2011; Somero 2010). Consequently, identi-
fying species that will survive as temperatures continue to 
rise (Somero 2010) can be used to determine what pheno-
typic traits are beneficial for thermal survival (Schnell and 
Seebacher 2008). This information can be used to develop 
predictive models that could hopefully enact policy change 
(Clark et al. 2013).

The metabolic theory of ecology proposes that metabolic 
rate and its plasticity provide the overall basis for multiple 
ecological phenomena such as migration, species distribu-
tion, and species or population responses to climate change 
(Brown et al. 2004; Duarte 2007). A hypothesis put forward 
by Pörtner (2001), called the oxygen and capacity limited 
thermal tolerance (OCLTT) hypothesis, states that oxygen 
availability (aerobic scope) and capacity (delivery to met-
abolically active tissues) sets the thermal tolerance of an 
organism and that this is particularly noticeable in aquatic 
ectotherms (e.g., fish and invertebrates). Lee et al. (2003) 
found this pattern in three different stocks of sockeye salmon 
(Oncorhynchus nerka) and one stock of coho salmon (Onco-
rhynchus kisutch) that were acclimated at a range of tem-
peratures that mimicked natal river temperatures (5–20 °C). 
However, it was recently suggested that eurythermic coastal 
and estuarine species have a left-skewed aerobic scope and 
swimming performance rather than a bell-shaped curve 
(Norin et al. 2014). This pattern was observed when the 
barramundi (Lates calcarifer), an estuarine and eurythermic 
species, were acclimated at the species preferred temperature 
(29 °C) and at  CTmax (38 °C). It was later suggested that a 
bell-shaped curve might be typical of stenothermic species, 
while a left-skewed performance curve may be more repre-
sentative of eurythermic species (Ern et al. 2014). Within 
this established framework, we investigated the swimming 
performance and metabolism of an estuarine species that 
possesses one of the highest thermal tolerance ranges in tel-
eost fishes.

Sheepshead minnows (Cyprinodon variegatus) are 
exceptionally tolerant of environmental stressors and 
occupy various estuarine habitats where salinities range 
from 0 ppt (fresh) to upward of 45 ppt (hypersaline) (John-
son 1974), and where temperatures range from − 1.9 to 
43 °C (Bennett and Beitinger 1997; Harrington and Har-
rington 1982; Moore 1976). Their broad tolerance ranges 
are likely related to their extensive habitat range along 

the Atlantic coast and the Gulf of Mexico, with popula-
tions as far north as Cape Cod, MA, and as far west as the 
Yucatan Peninsula in Mexico (Raimondo et al. 2013). As 
a species, sheepshead minnows possess the largest thermal 
tolerance range with a recorded  CTmin and  CTmax of 0.6 
and 45.1 °C, respectively, which is largely consistent with 
temperatures they encounter in their geographical range 
(Bennett and Beitinger 1997). For perspective, the thermal 
breadth of this species spans environmental temperatures 
that are inhabited by the coldest teleost (Antarctic icefish, 
− 2 °C) (Franklin et al. 2007) to the warmest teleost (Lake 
Magadi cichlid, 45 °C) (Farrell 2009). Most of the knowl-
edge about the thermal tolerance of sheepshead minnows 
have been inferred through the geographical range or from 
field reports related to temperature fluctuations and fish 
kills (Moore 1976). Therefore, our goal was to quantify 
the physiological changes that occur following acclimation 
and to distinguish between an acute response to tempera-
ture and an acclimatory change in the sheepshead minnow.

Methodology

Animals

Adult, mix-sexed sheepshead minnows (C. variegatus; 
average mass: 2.9 ± 0.4 g; caudal length: 4.2 ± 0.2 cm) 
were purchased from Aquatic BioSystems, Inc. (Ft. Col-
lins, CO) and shipped overnight to the University of North 
Texas. The broodstock at Aquatic BioSystems comprised 
laboratory-raised and wild stock populations, and the last 
introduction to the broodstock was in 2014 from a wild 
population sourced at Cape May, NJ (personal communica-
tion, Scott Kellman, Owner). Minnows were raised, reared, 
and maintained at a temperature range of 21–25 °C at this 
facility (personal communication, Scott Kellman, Owner). 
At the University of North Texas, fish were housed in 150 l 
tanks filled with 25 ppt saltwater maintained at ambient 
room temperature (approximately 21 °C). Saltwater was 
made by mixing deionized facility water with Instant 
 Ocean® Sea Salt (United Pet Group, Blacksburg, VA). Fish 
were kept on a 14 h light:10 h dark photoperiod and fed 
pellet food (Skretting, Tooele, UT) ad libitum every other 
day. Water quality parameters [pH (7.2–7.6), ammonia 
(< 5 ppm), salinity (25 ppt), temperature, and dissolved 
oxygen] (Table 1) were monitored daily, and if levels 
exceeded these limits, 50% of the aquarium water was 
changed. Sheepshead minnows were given at least 1 week 
to recover from handling stress before being transferred 
to the experimental tanks. All study procedures were 
approved by the University of North Texas animal care 
and use committee (IACUC protocol # 18-015).
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Chronic thermal acclimation

Minnows were randomly assigned one of three 15 l experi-
mental tanks maintained at 25 ppt salinity; saltwater was 
prepared as above. Experimental tanks were insulated 
with 2 cm-thick  Styrofoam® to prevent temperature fluc-
tuations during the 4-week thermal acclimation period. 
Water temperature was monitored using a Lauda system 
temperature controller (Lauda-Brinkman LP, Delran, NJ) 
and continuously monitored by a submerged thermo-
couple connected to a MacLab 8e PowerLab (ADInstru-
ments, Sydney, Australia) that was connected to a MAC 
computer and recorded using LabChart software v 4.1.1. 
(ADInstruments, Sydney, Australia). In two of the three 
tanks, the temperature was gradually changed (1 °C daily) 
from 21 °C to target temperatures of either 10 or 32 °C. 
Once the target temperature was reached, the aquaria were 
maintained at the target temperature for 4 weeks (28 days). 
The target temperatures of 10, 21, and 32 °C were selected 
because they fall within the broad range of temperatures 
recorded from native Texas estuaries (Fig.  1; NOAA 
NERRS at http://cdmo.baruc h.sc.edu) and are thus eco-
logically relevant. During the acclimation period, fish were 
fed pellet food (Skretting, Tooele, UT) ad libitum every 
other day and fasted 24 h before experimentation. Water 
quality parameters were measured as above.

Calibration of swim tunnel respirometer

A single fish (n = 8 per temperature) was placed in a Blazka-
style swim respirometer (Loligo Systems, Denmark) to 
assess Ucrit (maximum sustained swimming speed), extrapo-
lated standard metabolic rate (SMR), extrapolated maximum 
metabolic rate (MMR), absolute aerobic scope (delta meta-
bolic rate), cost of transport (COT) at Ucrit, and COT at Uopt 
(optimal swim speed for minimal COT) using automated, 
intermittent flow respirometry. The following methodol-
ogy was based on previously published studies from Mager 
et al. (2014) and Stieglitz et al. (2016). Oxygen consumption 
inside the swim chamber was recorded using a fiber-optic 
probe connected to a Witrox4 oxygen meter (Loligo Sys-
tems, Denmark). The oxygen meter was calibrated before 
each swimming trial at 100% air saturation (achieved via 
submerged air stones) and at 0% saturation (achieved by a 
10 g per l  Na2SO3 solution). All data were collected using 
AutoResp2 software (v 2.1.2; Loligo Systems, Denmark).

Animal respiration and swimming performance 
of thermally acclimated fish

Swimming trials were performed individually using a 
Blazka-style swim respirometer (Loligo Systems, Den-
mark) with water temperature set at the respective acclima-
tion temperature (10, 21, or 32 °C) and maintained using 

Table 1  Daily recorded water 
quality parameters from the 
experimental tanks during the 
acclimation period

Values are expressed as averages ± SE

Acclimation 
tank (°C)

Temperature (°C) Dissolved oxy-
gen (mg  l−1)

Salinity (ppt) pH (S.U.) Ammonia (ppm)

10 10.0 ± 0.2 9.6 ± 0.4 25.0 ± 0.3 7.4 ± 0.2 2.4 ± 0.8
21 21.0 ± 0.6 7.7 ± 0.4 25.0 ± 0.7 7.4 ± 0.2 2.9 ± 0.7
32 32.0 ± 0.3 6.4 ± 0.6 25.0 ± 1.0 7.4 ± 0.2 3.4 ± 0.8

Fig. 1  Average monthly water 
temperature (°C) recorded 
for Mission-Aransas National 
Estuarine Research Reserve in 
Port Aransas, Texas from Janu-
ary 2014 to December 2016. 
Data were sourced from NOAA 
NERRS at http://cdmo.baruc 
h.sc.edu. Values are presented 
as averages ± SD

http://cdmo.baruch.sc.edu
http://cdmo.baruch.sc.edu
http://cdmo.baruch.sc.edu
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a Lauda system temperature controller (Lauda-Brinkman 
LP, Delran, NJ). All fish were left to habituate at a mini-
mum of 4 h at 0.5 body lengths (BL)  s−1 or 0.25 BL  s−1 
for 10 °C acclimated fish since preliminary overnight trials 
(n = 4) indicated this was sufficient time to reach a stable 
routine metabolic rate (RMR). A stable RMR was deter-
mined by plotting oxygen consumption over time until 
there was no change in oxygen consumption over three 
consecutive points (i.e., the slope was equal to zero). For 
fish acclimated to 21 and 32 °C, swimming speed was 
increased by 0.5 BL  s−1 at 20 min intervals. For fish accli-
mated to 10 °C, swimming speed was increased by 0.25 
BL  s−1 at 20 min intervals. In the initial trials (n = 4), there 
was no difference in Ucrit of 10 °C acclimated fish exer-
cised at 0.5 BL s−1 intervals compared to 10 °C acclimated 
fish exercised at 0.25 BL  s−1 intervals (2.65 ± 0.25 and 
2.74 ± 0.35 BL  s−1 respectively). Therefore, we decreased 
the rate at which the swimming speed would be increased 
to increase the metabolic sampling points for extrapolat-
ing SMR and MMR. Food was withheld from all fish for 
a 24 h period before introduction to the swim chamber 
to prevent confounding effects of digestion on swimming 
performance and waste accumulation. Swimming trials 
were terminated when the fish became fatigued and could 
not be induced to continue swimming. Fatigue was deter-
mined when the fish no longer maintained their position 
in the chamber and rested along the back screen. Follow-
ing termination of the trial, fish were euthanized with a 
lethal dose of buffered MS-222 to collect blood samples 
and to record organ metrics (mass and lengths). Mass and 
body length of each fish were collected post-swimming to 
reduce handling stress prior to recording RMR.

Animal respiration and swimming performance 
of fish acutely exposed to temperature

Individual sheepshead minnows (n = 8 per temperature 
change) from acclimation tanks maintained at 21 °C were 
transferred to the swim tunnel respirometer maintained 
at 21 °C and left to habituate overnight where RMR was 
recorded. The water temperature was rapidly decreased 
or increased to the target temperature at a rate of 2 °C per 
hour. Preliminary data suggested that a temperature rate of 
change faster than 2 °C per hour resulted in 100% mortal-
ity upon reaching 32 °C (n = 3). After a stable RMR was 
established following the temperature change, swimming 
trials were performed as described above. Upon comple-
tion, fish were euthanized with a lethal dose of buffered 
MS-222 to collect blood samples. Mass and body length 
of each fish were collected post-swimming to reduce han-
dling stress prior to recording routine metabolic rate.

Standardization and background respiration

After the fish was removed from the swim chamber, the 
swim chamber was reassembled, and oxygen consumption 
was recorded for an hour to determine background oxygen 
consumption. At the end of every trial, the swim chamber 
was cleaned with a 10% bleach solution, triple rinsed with 
DI water, and allowed to dry overnight. It should be men-
tioned that while there were different habituation times 
between acclimation (4 h at acclimation temperature) and 
acute exposures (12 h at 21 °C), all swimming trials began 
at the same time of day (10:00 AM CST). Additionally, the 
values recorded for RMR between acute and acclimated 
fish of the same temperature were not different from each 
other. Lastly, background respiration in the swim tunnel 
once the fish was removed was negligible (< 10 mg  O2 
 kg−1  h−1) regardless of the amount of time spent in the 
swim chamber.

Calculations and statistical analysis

For each fish, the logarithm of mass-specific  MO2 was plot-
ted against swimming velocity and fit to a least-squares 
standard regression model, an exponential regression 
model, and a logarithmic model; we chose the least-squares 
regression model because it resulted in the highest R2 value 
(0.93 ± 0.01) and best modeled (72%) the dataset. Data from 
trials were not used in the final analysis if the regression R2 
was below 0.85. Data were not allometrically scaled because 
there was no correlation between metabolic rate and mass or 
temperature (supplemental Fig 1 and supplemental Table 1). 
The resulting equation was used to solve for SMR (y-inter-
cept) and MMR (extrapolated at Ucrit). Ucrit was expressed in 
BL  s−1 and calculated using the following equation:

where Uf is the highest swim velocity maintained for a 
complete interval (cm s−1), T is the time spent in the final 
interval (s), t is the total time of the interval (s), and dU is 
the increment in swim speed (cm s−1). In this study, COT 
is defined as the energetic expenditure of movement over a 
distance and is expressed as mg  O2 consumed per kg fish 
per meter traveled. COT was calculated by dividing  MO2 
by swimming velocity at each interval, which resulted in a 
parabola-shaped plot that was fit to a second-order polyno-
mial regression model (Table 2). The resulting model and 
formula were used to calculate (1) COT at Ucrit, (2) (Uopt), 
and (3) COT at Uopt.

Ucrit =

[

Uf+

(

T

t

)

dU
]/

cm (fish length),

COTatUcrit = ax
2
− bx + c,



561Journal of Comparative Physiology B (2020) 190:557–568 

1 3

(1) where a is equal to the slope, b is equal to the rela-
tive minimum, c is equal to the relative maximum, and x 
is equal to Ucrit. (2) Uopt was calculated by setting the first 
derivative of the above equation to zero and solving for 
x to find the vertex of the parabola. (3) COT at Uopt was 
calculated using the above equation except x is now equal 
to the value of the vertex of the parabola or Uopt, which 
calculates the absolute minimum of the parabola or COT 
at Uopt.

All statistical tests were performed using Statistica Ver-
sion 13.3. Data were tested for normality and homogenous 
variances, and if assumptions were met, then data were 
tested using parametric tests. For each measured variable 
(SMR, MMR, AS, Ucrit, Uopt, COTUcrit

 , COT
Uopt

 ), a repeated-
measures GLM was used with temperature (10 °C, 21 °C, 
and 32 °C), length of exposure (acute and acclimation), and 
sex as explanatory variables, as well as the interaction 
between these variables. Significant differences were high-
lighted using dissimilar letters.

Results

Water quality parameters and animal metrics

Table 1 summarizes the results of all water quality param-
eters that were monitored (temperature, dissolved oxygen, 
salinity, pH, and ammonia). During the acclimation period, 
females that became gravid were removed from the final 
analysis because they had statistically different metabolic 
rates and swimming performance than non-gravid females 
and males (data not shown). There was no difference in the 
metabolic rate (p = 0.9) or swimming performance (p = 0.2) 
between adult males and non-gravid females, and the final 

distribution of each sex per acclimation temperature is 
depicted in Table 3. Lastly, a limitation of the study is that 
acclimation exposures were only replicated once (i.e., all 
eight fish in one acclimation tank per temperature), which 
could be considered a form of psuedoreplication. However, 
this is less of a concern for the acute exposures that were 
replicated eight times individually per temperature within 
the swim chamber.

Thermal acclimation influences on blood 
parameters post‑exercise

Hematocrit from 21  °C acclimated fish post-exercise 
was 45.9 ± 5.3% and was reduced by nearly 60% follow-
ing thermal acclimation to 10 and 32 °C (Fig. 2). Hemo-
globin concentration was highest in 10 °C acclimated fish 
at 13.7 ± 0.9 g dl−1 and was not significantly different from 
fish acclimated at 21 °C (Fig. 2). However, fish acclimated 
at 32 °C had hemoglobin concentrations that were drastically 
reduced compared to fish acclimated at colder temperatures 
(Fig. 2).

Metabolic responses to temperature acclimation 
or acute thermal exposure

SMR of 21  °C acclimated fish was 336.94 ± 40.84  mg 
 O2  h−1  kg−1 and was slightly lower but not statistically 
different from SMR recorded for 32 °C acclimated fish 
(460.23 ± 40.45 mg  O2  h−1  kg−1; Fig. 3). SMR in 10 °C 
acclimated fish was reduced by approximately 50% com-
pared to fish acclimated to warmer temperatures (Fig. 3). 
There was no significant difference in SMR between 10 °C 
acclimated and acutely exposed fish (Fig. 3). SMR of fish 
acutely exposed to 32 °C was approximately twofold higher 

Table 2  Cost of transport at 
Ucrit and Uopt (Figs. 5, 6) were 
calculated using the following 
second-order polynomial 
regression equations generated 
from each exposure group

Equation R2 value p value

10 °C Acclimation y = 0.1151x2 − 0.833x + 1.9771 0.9878 0.0002
10 °C Acute exposure y = 0.275x2 − 1.195x + 1.8535 0.9422 0.008
21 °C Acclimation y = 0.0549x2 − 0.6413x + 2.6038 0.9184 < 0.0001
32 °C Acclimation y = 0.756x2 − 0.8912x + 3.6887 0.9156 < 0.0001
32 °C Acute exposure y = 0.2022x2 − 2.3015x + 7.7825 0.8719 0.002

Table 3  Sex distribution, mass 
(g), and caudal length (cm) of 
sheepshead minnows acclimated 
to 10, 21, or 32 °C

Values are presented as averages ± SE

10 °C acclimation 21 °C acclimation 32 °C acclimation

Male Female Total Male Female Total Male Female Total

n 4 4 8 5 3 8 3 5 8
Mass (g) 4.3 ± 1.3 2.4 ± 0.2 3.3 ± 0.7 2.9 ± 0.5 2.4 ± 0.3 2.7 ± 0.3 2.9 ± 0.2 2.7 ± 0.1 2.6 ± 0.2
Length (cm) 4.8 ± 0.4 4.1 ± 0.3 4.4 ± 0.3 4.6 ± 0.2 3.8 ± 0.3 4.3 ± 0.3 4.2 ± 0.1 4.3 ± 0.2 4.1 ± 0.2
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Fig. 2  Measurements of post-exercise hematocrit (left) and hemo-
globin concentration (right) from sheepsheads minnows that were 
acclimated to 10  °C (white bar), 21  °C (gray bar), or 32  °C (black 

bar). Data are represented as averages ± SE. Dissimilar letters desig-
nate significance across temperatures (p < 0.05)

Fig. 3  Standard metabolic rate (SMR; top), maximum metabolic rate 
(MMR; middle), and aerobic scope (AS; bottom) of sheepsheads 
minnows that were either acclimated to 10, 21, or 32 °C (closed bars; 

left) or acutely exposed to 10 or 32  °C (open bars; right). Data are 
represented as averages ± SE. Dissimilar letters designate significant 
differences between temperature and length of exposure (p < 0.05)
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than SMR of fish acclimated to the same temperature 
(Fig. 3).

MMR of 21 °C acclimated fish was 920.09 ± 62.86 mg 
 O2  h−1  kg−1 (Fig. 3). Compared to this group, the MMR of 
10 °C acclimated fish was reduced by 67% and the MMR of 
32 °C acclimated fish was increased by 33% (Fig. 3). How-
ever, there were no differences in MMR of fish that were 
acutely exposed or acclimated to temperatures of 10 °C or 
32 °C (Fig. 3).

Absolute AS of fish acclimated to 21  °C was 
583.15 ± 100.94 mg  O2  h−1  kg−1, which is approximately 
2.5-fold higher than the 10 °C exposed (acutely or accli-
mated) fish (Fig. 3). The AS of fish acutely exposed to 32 °C 
and fish acclimated to 21 °C were similar; however when 
fish were acclimated to 32 °C, AS significantly increased 
by 25% (Fig. 3). Log metabolic rates (both SMR and MMR) 
were each plotted against the log mass of individual fish and 
sorted by temperature and exposure (supplemental Fig. 1), 
and there was no correlation with mass and metabolic rate 
regarding temperature (supplemental Table 1).

Acclimation or acute thermal exposure effects 
on swimming performance

The Ucrit of 21 °C acclimated fish was 6.6 ± 0.3 BL  s−1 
and not statistically different from the swimming velocity 
of 32 °C acclimated fish at 7.2 ± 0.5 BL  s−1 (Fig. 4). Ucrit 

in 10 °C acclimated fish was reduced threefold with an 
average swimming speed of 2.4 ± 0.1 BL  s−1 (Fig. 4). Uopt 
of 21 °C acclimated fish was 4.5 ± 0.3 BL  s−1 which was 
approximately 50% higher than fish acclimated at 10 °C 
and 25% lower than fish acclimated at 32 °C (Fig. 4). At 
any given temperature, there was no difference between 
acute or acclimation exposure for both Ucrit and Uopt 
(Fig. 4). Regardless of the exposure temperature or length 
of exposure, Uopt was on average 30% lower than Ucrit 
(Fig. 4).

The COT at Ucrit ( COTUcrit
 ) in 21 °C acclimated fish was 

1.17 ± 0.08 mg  O2  kg−1  m−1 and was not different from the 
COT in both 10 °C and 32 °C acclimated fish (Fig. 5, 6). 
There were no differences in COT

Ucrit
 between fish acutely 

exposed to or acclimated at 10 °C (Figs. 5, 6). However, 
fish acutely exposed to 32 °C possessed slightly higher 
COT

Ucrit
 than fish acclimated to 32 °C (Figs. 5, 6), even 

though they had the same swimming velocity (Fig. 4).
COT at Uopt ( COTUopt

 ) for 21 °C acclimated fish was 
0.72 ± 0.05 mg  O2  kg−1  m−1 and was similar to COT

Uopt
 for 

both fish acclimated at or acutely exposed to 10 °C (Figs. 5 
and 6). COT

Uopt
 for 32 °C acclimated fish increased by 25% 

compared to fish acclimated at colder temperatures 
(Figs. 5, 6). Fish that were acutely exposed to 32 °C had 
slightly higher COT

Uopt
 compared to fish that were accli-

mated to 32 °C (Figs. 5, 6).

Fig. 4  Maximal sustained swimming velocity (Ucrit; top) and optimal 
swimming velocity (Uopt; bottom) of sheepsheads minnows that were 
either acclimated to 10, 21, or 32  °C (closed bars; left) or acutely 

exposed to 10 or 32  °C (open bars; right). Data are represented as 
averages ± SE. Dissimilar letters designate significant differences 
between temperature and length of exposure (p < 0.05)
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Discussion

Fluctuation in environmental temperature has a profound 
effect on the physiology of aquatic ectotherms. Despite 
this truism, many questions remain regarding the effects 
of both acute and chronic temperature variations in many 

fish species. The main objectives of our study were to (1) 
determine the effects of temperature on hematological 
parameters (as a proxy for oxygen-carrying capacity), met-
abolic rate, and swimming performance in the eurythermic 
sheepshead minnow and (2) compare responses between 
different rates and duration of temperature exposure (acute 
versus acclimation). Our results show that there were no 

Fig. 5  Cost of transport at maximal sustained swimming veloc-
ity (COT Ucrit; top) and the cost of transport at optimal swimming 
velocity (COT Uopt; bottom) of sheepsheads minnows that were either 
acclimated to 10, 21, or 32 °C (closed bars; left) or acutely exposed to 

10 or 32 °C (open bars; right). Data are represented as averages ± SE. 
Dissimilar letters designate significant differences between tempera-
ture and length of exposure (p < 0.05)

Fig. 6  Cost of transport plotted 
against swimming speed for 
sheepsheads minnows that were 
either acclimated to 10 (white 
circles), 21 (gray circles), or 
32 °C (black circles) or acutely 
exposed to 10 (white triangles) 
or 32 °C (black triangles). Each 
data point represents the cost 
of transport (averages ± SE) at 
intervals of 0.5 body lengths 
per second, starting at 1.0 body 
lengths per second. Dotted lines 
represent the average COT 
across all
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differences in SMR, MMR, or the AS whether fishes were 
acutely exposed (5.5 h) or acclimated (4 weeks) to 10 °C 
and these parameters were reduced twofold compared to 
21 °C acclimated fish (Fig. 3). Fish that were acclimated 
to 32  °C had a 25% increase in their AS compared to 
21 °C acclimated fish, which we attributed to the down-
regulation of SMR during acclimation (Fig. 3). Neverthe-
less, this increase in AS did not enhance the swimming 
performance of fish acclimated to 32 °C (Fig. 4). Also, 
swimming performance was significantly reduced when 
fish were exposed to 10 °C (Fig. 4), even though they had 
higher blood oxygen-carrying capacity (Fig. 2) compared 
to the fish acclimated at warmer temperatures. Lastly, we 
found that exposure length (acute versus acclimation) did 
not affect swimming performance (Fig. 4).

Post‑exercise and thermal acclimation influences 
on blood parameters

Peterson  (1990) found that sheepshead minnows maintained 
in normoxic conditions (150 mm Hg) at ambient temperature 
(25 °C) had a hematocrit of approximately 25%, while fish 
maintained in hypoxic conditions (40 mmHg) had slightly 
elevated hematocrits at approximately 30%. These values are 
considerably lower than what was found in our study (21 °C 
acclimated, post-exercise minnows had hematocrit values 
of approximately 50%), and we speculated that the elevated 
levels were because our samples were taken post-exercise. 
This suggests that fish acclimated at 21 °C have the capacity 
to regulate hematocrit during exercise, which in turn would 
increase the oxygen-carrying capacity of the blood but at 
the cost of increased blood viscosity (Birchard 1997). This 
trade-off could explain the reduction in hematocrit in 32 °C 
acclimated fish, where the work to pump viscous blood is 
potentially not energetically favorable even with increased 
oxygen-carrying capacity (Crowell et al. 1959).

Another critical component of oxygen transport is over-
all hemoglobin content in the erythrocytes. Our findings 
show that hemoglobin concentration was highest in 10 °C 
acclimated fish at approximately 13.7 g dl−1 (Fig. 2) or 
2.12 mM (assuming the molecular weight of hemoglobin 
is equal to 64,550 g mol−1) (Billett 1990). This value is 
consistent with values found previously in highly active, 
migratory marine species belonging to the Scombridae 
family: Sarda sarda at 2.39 ± 0.20 mM, Scomber japoni-
cas at 2.30 ± 0.16 mM, and Scombermorus brasiliensis at 
1.92 ± 0.40 mM (Wilhelm Filho et al. 1992). After accli-
mation to 32 °C and exercise, hemoglobin concentration 
was reduced in fish by 62% at 5.4 ± 0.7 g dl−1 (Fig. 2) or 
0.84 mM. However, these hemoglobin concentrations are 
found in sedentary, non-migratory marine teleost species 
(Urophycis brasilensis at 0.83 ± 0.16 mM); Wilhelm Filho 
et al. 1992). Therefore, while 32 °C acclimation does reduce 

the hemoglobin concentration in erythrocytes, it is not a 
reduction that appears outside of levels typically found in 
teleost fish. Increasing hemoglobin concentration may be 
a mechanism to increase the oxygen-carrying capacity of 
the blood, bypassing the consequences of increased blood 
viscosity (e.g., increased cardiac work). However, at this 
time, the authors are unsure of the purpose or benefits of 
having increased hemoglobin concentration per volume 
when exposed to colder temperatures rather than warmer 
temperatures.

Metabolic responses to temperature acclimation 
or acute thermal exposure

Overall, when sheepshead minnows were exposed to 10 °C, 
SMR, MMR, and AS were reduced compared to minnows 
acclimated at 21 °C (Fig. 3). There was no difference in 
these metabolic end points whether the fish was acutely 
exposed to 10 °C or acclimated to 10 °C. This indicates that 
during acclimation to 10 °C, there was no compensatory 
metabolic change to overcome the thermodynamic effects of 
colder temperatures in the sheepshead minnow. Our data are 
consistent with what was previously found in an ecologically 
similar species, the Atlantic killifish (Fundulus heteroclitus), 
in which RMR and MMR did not change during a 6-week 
acclimation period, and there was no physiological compen-
sation associated with cold acclimation (Healy et al. 2017). 
Similarly to the sheepshead minnow, there were no differ-
ences in the AS of killifish acclimated and acutely exposed 
to 5, 10, and 15 °C (Healy and Schulte 2012).

Generally, metabolic rate increases with increasing tem-
peratures. However, when sheepshead minnows were accli-
mated at 32 °C or acutely exposed to 32 °C, there was no 
change in MMR, but SMR was significantly reduced follow-
ing acclimation to 32 °C (Fig. 3). A recent study conducted 
with Icelandic sticklebacks (Gasterosteus aculeatus) from 
warmer and colder habitats measured at a common tempera-
ture reported that fish from the warmer habitats had signifi-
cantly depressed SMR compared to fish from colder habitats 
(Pilakouta et al. 2020). This pattern was similarly observed 
in shorthorn sculpin (Myoxocephalus Scorpius) acclimated 
to 16 °C over 8 weeks (i.e., minute changes in MMR and 
more considerable change in SMR during acclimation) 
(Sandblom et al. 2014). Again, this pattern was found in 
a small African cichlid (Pseudocrenilabrus multicolor vic-
toriae) where SMR depression was evident at the highest 
acclimation temperature (34 °C and MMR changed rela-
tively little between 30 and 34 °C (McDonnell and Chapman 
2016). Sheepshead minnows may be undergoing metabolic 
depression following acclimation at higher temperatures as 
an energy-saving strategy (i.e., the minimum energy cost for 
basal function is reduced) to cope with living in unpredict-
able, estuarine habitats. It was reported by Rummer et al. 
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(2014) that equatorial damselfish inhabiting the Great Bar-
rier Reef could be classified as thermal specialists or thermal 
generalists. Damselfish species that were thermal special-
ists had significant increases in MMR and reduced AS, but 
higher aerobic performance. This was likely because these 
species evolved in stable and narrow environmental win-
dows, and there would be no evolutionary pressure to drive 
metabolic compensation during acclimation (Rummer et al. 
2014). The authors speculated that within these damself-
ish, there is an evolutionary trade-off where some species 
lose aerobic performance to save energy at rest, while oth-
ers may incur higher energetic costs at rest but with bet-
ter aerobic performance (Rummer et al. 2014). Concerning 
the sheepshead minnow, which is a thermal generalist, the 
reduction in SMR at higher temperatures could be crucial 
to reduce energy expenditure during unpredictable tempera-
ture shifts to survive until favorable conditions return. As 
a species, sheepshead minnows are not known to migrate 
long distances and instead display strong site fidelity (Chitty 
and Able, 2004). Considering that they frequently inhabit 
isolated tidal pools that are warmed by the summer sun to 
temperatures of up to 43 °C (Bennett and Beitinger 1997), 
reducing SMR to enhance survival seems likely.

Additionally, sheepshead minnows acclimated at 32 °C 
possessed a 25% increase in AS compared to minnows that 
were acutely exposed to 32 °C, which we attributed to the 
observed down-regulation of SMR following acclimation 
to 32 °C. We observed in the sheepshead minnows that AS 
increased as acclimation temperature increased, which was 
previously recorded in the Atlantic halibut (Hippoglossus 
hippoglossus) as temperatures approached  CTmax (Gräns 
et al. 2014). However, in an ecologically similar species 
such as the Atlantic killifish, AS increased until 30 °C and 
then decreased as acclimation temperature approached 
 CTmax (Healy and Schulte 2012; Fangue et al. 2006). Further 
metabolic studies need to be conducted for the sheepshead 
minnow at temperatures closer to their reported  CTmin and 
 CTmax to determine the general pattern of AS within this 
species across its thermal breadth.

Acclimation or acute thermal exposure effects 
on swimming performance

The only change in Ucrit was observed in minnows accli-
mated and acutely exposed to 10 °C, which was reduced 
by approximately 50%. Similarly to our study, Fangue et al. 
(2008) found that swimming performance (Ucrit) changed 
very little over acclimation temperatures between 10 and 
32 °C, but was reduced nearly 50% after 5 °C acclimation 
in killifish. It was previously reported that during cold accli-
mation, killifish do not change myosin isoform expression, 
exhibit minimal increases in myofibril ATPase activity, 
and only slight decreases in contraction time (Johnson and 

Bennett 1995). These observations were consistent with 
their minor change in swimming performance during cold 
acclimation. By comparison, the common goldfish (Caras-
sius auratus) displayed enhanced swimming performance 
following cold acclimation likely due to differential myosin 
isoform expression, enhanced ATPase activity, and a faster 
rate of contraction (Johnson and Bennett 1995). The mecha-
nism for the reduced Ucrit in sheepshead minnows following 
cold acclimation is likely similar to the killifish, but this 
possibility has not been explored. Additionally, Fangue et al. 
(2008) found a 65% decrease in swimming performance of 
killifish that were acutely exposed to 5 °C, compared to only 
a 50% decrease in swimming performance of killifish that 
were acclimated at 5 °C. However, this is in sharp contrast 
to our study, where we saw no change in swimming per-
formance between acute and acclimation exposure at 10 °C 
in the sheepshead minnow. Similarly, we found no differ-
ence in the swimming performance (both Ucrit and Uopt) of 
sheepshead minnows, whether they were acutely exposed 
or acclimated to 32 °C. Thermal plasticity of skeletal mus-
cle properties (nerve stimulation, contractile kinetics, force 
generation, and enzyme activity) has evolved independently 
in several teleost lineages (Johnston and Temple 2002). Per-
haps, the skeletal muscle of the sheepshead minnow displays 
high plasticity when exposed to a wide range of tempera-
tures (which allowed for the extensive habitat range). Likely 
because of this, we observed no difference in the swimming 
performance, whether the minnows were acutely exposed or 
acclimated to a given temperature.

Even though acclimation to 32 °C resulted in an apparent 
down-regulation of SMR, which translated into a 25% gain 
in AS, there was no change in Ucrit between 21 and 32 °C 
acclimated fish (Fig. 4). This has been found in numerous 
teleost species to date, where AS did not influence overall 
performance (Clark et al. 2013; Ern et al. 2014; Norin et al. 
2014; Gräns et al. 2014). To reiterate, enhanced AS follow-
ing acclimation at 32 °C did not translate to gains in the aer-
obic performance of the sheepshead minnow. Not only did 
acclimation to 32 °C increase AS, but it also reduced the cost 
of transport at Ucrit compared to minnows that were acutely 
exposed to the same temperature (Fig. 5). In the European 
sea bass (Dicentrarchus labarx), it was observed that COT 
was not influenced by acclimation temperature (Claireaux 
et al. 2006). However, in the chub mackerel (Scomber japon-
icas), it was found that COT increased with acclimation tem-
perature (Dickson et al. 2002). In the sheepshead minnow, 
COT at Ucrit does increase with increasing temperature, but 
acclimation to 32 °C reduces COT compared to minnows 
that are acutely exposed to 32 °C. The mechanisms related 
to these observed species-specific differences in the COT 
(at or near Ucrit) associated with thermal acclimation have 
largely been unexplored in the literature (Claireaux et al. 
2006). However, it could be the result of species-specific 
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differences in cardiac output regulation, muscle fiber recruit-
ment, contractile properties and kinetics, or mitochondrial 
energetics.

The following studies provide future research avenues to 
better understand the changes in swimming performance and 
metabolism associated with thermal acclimation and acute 
exposure in a broadly tolerant estuarine fish. Investigating 
changes in skeletal muscle parameters such as glycogen 
stores following thermal acclimation (Fangue et al. 2008) 
would help to understand what mechanistic changes occur 
that decrease aerobic performance at colder temperatures. 
A closely related species, the desert pupfish (Cyprinodon 
macularius), exhibits bouts of paradoxical anaerobism dur-
ing thermal acclimation to 28–33 °C (Heuton et al. 2018). 
Therefore, it would be beneficial to determine the relation-
ship between thermal plasticity and reliance on anaerobic 
respiration. Recently, it was found that sheepshead minnows 
undergo rapid asymmetrical seasonal acclimatization (i.e., 
they gain warm tolerance during cold exposure and vice 
versa) (Fangue et al. 2014), and it would be important to 
understand how that time course impacts other physiologi-
cal changes.

To conclude, our study showed there was no metabolic 
compensation following 10 °C acclimation, but acclimation 
to 32 °C resulted in SMR suppression without a reciprocal 
reduction in MMR. The SMR suppression led to enhanced 
AS but without any benefits conferred to swimming per-
formance, which is in contrast with the OCLTT concept. 
It appears that these two strategies play a role in surviving 
such a broad thermal range but at the cost of enhanced per-
formance. Overall, our study adds insight into the differen-
tial changes to metabolic and swimming performance that 
an ectothermic species may undergo as global temperatures 
continue to rise.
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