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Abstract
1. Heatwaves are increasing in frequency and intensity under climate change. 

Freshwater ecosystems are among the most thermally impacted systems, within 
which agricultural streams are experiencing the most extreme heatwaves and 
deserve prioritised focus. Heatwaves are approaching the upper thermal limits 
of many fishes but have received little attention to date.

2. To study whether and how fish tolerate heatwaves from a physiological per-
spective, we simulated single, multiple, and extended heatwaves at 32 and 34°C 
in the laboratory, based on high- resolution summer temperatures recorded in 
agricultural versus forested streams in Illinois, U.S.A.

3. By investigating the effects of heatwaves on 25°C acclimated fathead minnow 
Pimephales promelas, an important prey species across North America, we wit-
nessed its high thermal resilience, including a rapid return to metabolic homeo-
stasis after single and multiple heatwaves, measured by oxygen consumption 
rate. During an extended heatwave, fathead minnow were still able to partially 
lower oxygen consumption rate after the initial exposure. We also found tran-
sient increases in their critical thermal maximum, especially after higher inten-
sity and frequency of heatwaves. However, the thermal resilience of fathead 
minnow did come with costs, including reduced anaerobic capacity indicated 
by decreased lactate dehydrogenase activity and impaired antioxidant defence 
indicated by reduced superoxide dismutase in white muscle.

4. By monitoring metabolic costs and physiological adjustments of fish during and 
after heatwaves, we showed that fathead minnow were resilient to simulated 
current and near- future heatwaves, which may allow them to cope with thermal 
extremes expected in agricultural streams.

5. Overall, the real- time monitoring of fish responses to heatwaves incorporates 
natural dynamics of thermal patterns. It facilitates mechanistic understandings of 
how fish react to thermal challenges in the real world and offers opportunities to 
incorporate high- resolution metabolic costs into future bioenergetic modelling.

K E Y W O R D S
climate change, critical thermal maximum temperature, enzyme, metabolic rates, respirometry

 13652427, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.13976 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [20/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.wileyonlinelibrary.com/journal/fwb
mailto:
https://orcid.org/0000-0003-1909-9939
https://orcid.org/0000-0002-1732-6491
http://creativecommons.org/licenses/by/4.0/
mailto:qihongd2@illinois.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffwb.13976&domain=pdf&date_stamp=2022-08-01


1802  |    DAI et Al.

1  |  INTRODUC TION

In the era of rapid climate change, heatwaves, referred to as short- 
term extreme hot weather lasting from hours to days, could dispro-
portionally shape species performance and distribution (Jentsch 
et al., 2007; Sandblom et al., 2016). Globally, freshwater ecosystems 
are among the most thermally threatened (Closs et al., 2016; Yousefi 
et al., 2020). Regionally, the intensity of heatwaves in freshwater 
ecosystems could be further elevated, such as by thermal pollution 
from power plants (Raptis et al., 2016) and high surface energy flux 
from urbanisation (Nichol et al., 2020). Besides these, agriculture 
is another major factor that intensifies heatwaves in freshwater 
ecosystems, due to: (1) increased solar radiation after the reduc-
tion of riparian cover (Caissie, 2006); (2) reduced thermal refuges 
following channelisation (Dugdale et al., 2013); and (3) decreased 
cool groundwater recharge after agricultural water use (Loheide & 
Gorelick, 2006). Additionally, the impacts of heatwaves on aquatic 
organisms in agricultural landscapes could further be exacerbated 
by low dissolved oxygen from fertiliser use and toxicants from pes-
ticide application (Op de Beeck et al., 2017; Verberk et al., 2016; 
Wang et al., 2003).

To understand how fish respond to thermal stress, physiological 
methods have been widely used. Among all physiological aspects, en-
ergy metabolism, measured as the rate of oxygen consumption, is argu-
ably one of the most important for fish, as it influences locomotion, 
growth, and reproduction (Brown et al., 2004). Thermal sensitivity of 
metabolism has been explained by the oxygen-  and capacity- limited 
thermal tolerance hypothesis (Pörtner, 2010), despite its limitations 
(Clark et al., 2013; Jutfelt et al., 2018). Oxygen-  and capacity- limited 
thermal tolerance conjectures that during warming, tissue oxygen 
demand increases exponentially until it reaches a critical tempera-
ture, where oxygen demand for maintenance exceeds cardiorespi-
ratory capacity, causing loss of performance (Blasco et al., 2020; 
Schulte, 2015). To evaluate the impacts of such critical temperatures 
on the thermal tolerance and metabolism of aquatic organisms, many 
physiological studies targeting long- term temperature increases have 
been conducted. However, short- term heatwaves have received con-
siderably less attention (Morash et al., 2018), partially due to a lack 
of real- time, high- resolution field temperature information. This lim-
its the extrapolation of lab- derived results to real- world conditions, 
causing us to overlook real- time metabolic costs and adjustments 
of fish in nature. Examples include increased standard metabolism 
of Atlantic salmon Salmo salar under a more variable environment 
(Oligny- Hébert et al., 2015), and elevated excess post- exercise ox-
ygen consumption by Nile perch Lates niloticus after acute thermal 
challenges (Nyboer & Chapman, 2017). Thus, bioenergetic models 
that only include long- term temperature increases, while failing to 
consider heatwaves, are limited in predictive power.

By monitoring how fish react to extreme heatwaves, we can-
not only have a better mechanistic understanding of the real- time 
adjustments of thermal tolerance, but also examine how prior ex-
perience to heatwaves could shape later reversible changes in 
thermal tolerance (i.e. heat hardening) (Bowler, 2005; Gunderson 

& Stillman, 2015; Schaefer & Ryan, 2006). Such carryover effects 
(O'Connor et al., 2014) could be important for fish overcoming the 
increasing frequency and intensity of heatwaves under global warm-
ing. However, heat hardening normally comes with costs, including 
reduced aerobic scope due to elevated metabolism, thus impairing 
fitness- related performance like prey consumption and predator 
avoidance (Farrell, 2009; Oligny- Hébert et al., 2015). Also, rapid in-
creases in body temperature during heatwaves can lead to oxidative 
damage in ectotherms (Guzzo et al., 2019; Heise et al., 2006; Kaur 
et al., 2005). By monitoring the physiological responses of fishes 
under different frequencies and intensities of heatwaves, we can 
better understand their protective mechanisms and costs, then pre-
dict potential thermal thresholds for ecosystem stability.

Streams and rivers in the midwestern U.S.A. are known for being 
both productive and speciose (Smith et al., 2010). With such diver-
sity of prey and predators, a key question is: which species should be 
prioritised for consideration under climate change? A common prey 
fish in North America, fathead minnow Pimephales promelas, became 
our focus here for the following reasons. Firstly, the performance of 
prey fish under heatwaves is critical for ecosystem stability, as they 
act as important nutrient and energy pathways (Hebert et al., 2008; 
Johnson et al., 2005). Dominant prey species, such as fathead min-
now, are critical from a food web perspective, as they are both 
naturally widespread across North America and widely stocked to 
support fisheries (Colvin et al., 2008; Page & Burr, 2011). Secondly, 
despite the upper thermal tolerance of smaller species being less im-
paired during warming relative to larger ones, the acclimation poten-
tial of smaller species is lower (Leiva et al., 2019; Rohr et al., 2018). 
Fathead minnow, as a eurythermal prey species, has around a 2°C 
lower critical thermal maximum (CTmax) compared to its euryther-
mal predators largemouth bass Micropterus salmoides and channel 
catfish Ictalurus punctatus when acclimated at 25°C (CTmax: 36.1°C 
vs. 37.8– 38.7°C) (Beitinger et al., 2000; Carveth et al., 2006). Thus, 
heatwaves could have different consequences for small prey relative 
to large predators, influencing the balance in nutrient and energy 
pathways. The potential impacts of heatwaves on prey fish still lack 
enough attention, deserving a more comprehensive understanding.

To further understand the physiological mechanisms by which 
stream fishes respond to short- term heatwaves, we exposed fathead 
minnow to different frequencies and intensities of heatwaves and 
then quantified: (1) short- term CTmax; (2) enzyme responses related 
to antioxidant defence, as well as aerobic and anaerobic capacity; 
and (3) whole- organism oxygen consumption rate (ṀO2). The fre-
quency and magnitude of heatwaves were based on in situ moni-
toring of agricultural streams in Illinois, U.S.A. We predicted that 
fathead minnow undergoing higher frequency and magnitude of 
heatwaves would show higher CTmax, but with more costs in terms 
of prolonged increases in whole- organism metabolism, reduced 
metabolism- related enzyme performance, and reduced antioxidant. 
Quantifying the physiological responses of fathead minnow to heat-
waves facilitates a better mechanistic understanding of thermal 
impacts on fish. It also motivates future bioenergetic modelling to 
consider both long- term and short- term thermal impacts.
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    |  1803DAI et Al.

2  |  Methods

2.1  |  Monitoring of stream water temperature in 
summer

Streams for this study were selected among locations where sur-
veys on fish, macroinvertebrates, local habitat, and water qual-
ity have been conducted by the Illinois Department of Natural 
Resources in the Kaskaskia River Basin, Illinois, U.S.A. from 1991 
to 2007. For each stream reach (a tributary- to- tributary segment), 
land- cover proportions in the local catchment (areas directly drained 
into the reach) were obtained from the Great Lakes Regional Aquatic 
Gap Analysis Project (Myers et al., 2002; Holtrop et al., 2005; Cao 
et al., 2015). Candidate sites were grouped by hydrologic unit code 
(HUC 8) subbasin and stream order, then ranked within each group 
based on the percentage of agriculture and forest (control) land cover 
in the local catchment. Within each sub- basin- stream order group, 
first and second ranked agricultural and forested sites were grouped 
to create two pairs of candidate sites. Final paired sites were: 
(1) Twomile Slough (94% agriculture vs. 0% forest, 39°54′55″N, 
88°19′50″W) and Little Creek (26% agriculture vs. 37% forest, 
39°17′43″N, 89°01′31″W); (2) Lake Fork (92% agriculture vs. 1% 
forest, 39°52′34″N, 88°31′07″W) and Jordan Creek (31% agricul-
ture vs. 19% forest, 39°19′51″N, 88°47′24″W).

On 8 July 2020, one temperature logger (U26- 001; Onset 
HOBO, Bourne, MA, U.S.A.) was covered by a PVC solar shield, con-
nected to rebar with a carabiner and zip ties, and deployed 0.5 m 
above the substrate and 15 m upstream from a bridge in each stream 
mentioned above (Heck et al., 2018). Loggers were programmed to 
record water temperature every 10 min. Data were downloaded 
monthly until November 2020, and missing loggers were replaced.

2.2  |  Fish collection and husbandry

Laboratory experiments were conducted from May 2019 to 
November 2020 using fathead minnow acquired from Anderson 
Minnows Farm (Lonoke, AR, U.S.A.). Fish were housed at the Aquatic 
Research Facility at the University of Illinois Urbana- Champaign. 
Fathead minnow were obtained at four different times, with the 
first three batches tested for CTmax and enzyme performance under 
multiple, single, and extended heatwaves, respectively (see 2.3 
below), with each batch having its own 25°C control group to mini-
mise potential batch effects. The last batch was tested for ṀO2 only. 
Upon arrival at the research facility, fish were distributed randomly 
into eight 110- L tanks, with maximum density of four fish/10 L. 
Dissolved oxygen (DO) was maintained at >90% saturation. Water 
temperature was kept at 25°C using immersion heaters to mimic 
daily average water temperature in the Kaskaskia River Basin in the 
summer based on temperature records in 2019 (unpublished) and 
2020 (Figure 1), and stream gauge monitoring station (USGS, 2016). 
Photoperiod was 06:00– 20:00 to mimic summer conditions. Fish 
were fed to satiation daily with fish flakes and brine shrimp. An 

acclimation period at 25°C lasted at least 2 weeks prior to the start 
of any experiment. Before any test described below, fathead min-
now were fasted at least for 24 hr. All procedures were approved 
by the University of Illinois Urbana- Champaign Institutional Animal 
Care and Use Committee (#19088).

2.3  |  Short- term heatwave simulations

From temperature loggers, we confirmed that the highest daily 
temperatures were 33.8°C for agricultural streams in August 2020, 
and only 29.7°C for forested streams in July 2020. A temperature 
of 32°C has been common daily high temperature in agricultural 
streams, with 10 days in total (Figure 1). Thus, to accurately exam-
ine the effects of short- term heatwaves on fish during laboratory 
simulations, 32°C and 34°C were chosen to represent current and 
future extreme temperatures, respectively. To evaluate whether 
there were carryover effects derived from previous daily heatwave 
exposures, we simulated not only single heatwave reaching 32°C 
and 34°C, but also multiple heatwaves across three consecutive 
days. Finally, besides single and multiple heatwaves, we added an 
extended heatwave simulation to further evaluate the effects of 
heatwave duration on fathead minnow and document real- time ad-
justments of fish during extended heatwaves.

For single heatwave, we increased the water temperature in 
holding tanks from 25°C to 32°C or 34°C within 30 min at around 
9 am, by pumping 25°C water in holding tanks through stainless 
steel coils in nearby thermostatic hot water bath for a rapid increase, 
coupled with heaters/chillers (TK- 500; TECO, Ravenna, Italy) for 
finer adjustments. Once reaching 32°C or 34°C, the temperature 
was maintained for 1 hr. After this 1- hr heatwave, we cooled the 
water back to 25°C within 30 min. This rate of temperature increase 
and decrease is faster than present- day field data (i.e., 30 min vs. 
2– 4 hr; Figure 1) because we sought to mimic more intense heat-
waves to account for future changes. For multiple heatwaves, we 
repeated the heatwave simulation at the same time (i.e., 9 am) on 3 
consecutive days. For extended heatwave, we increased the water 
temperature from 25°C to 32°C or 34°C within 30 min at 9 am, then 
held the water at 32°C or 34°C for up to 48 hr. After exposure to 
single heatwave, the last of multiple heatwaves, and after the first 
hour during extended heatwave, the short- term physiological re-
sponses of fathead minnow were evaluated within 48 hr by quanti-
fying CTmax, muscle enzymes, and ṀO2, with procedures described 
in 2.4, 2.5, and 2.6, respectively.

2.4  |  Critical thermal maximum

To quantify the impacts of heatwaves on thermal tolerance, CTmax 
tests were conducted 1, 6, 24, and 48 hr after single heatwave, 
the last of multiple heatwaves, and after the first hour during ex-
tended heatwave. At each time point, six fish in holding tanks were 
transferred to a 75- L testing tank containing 55 L water. The testing 
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1804  |    DAI et Al.

tank contained a 1,000- W electric immersion heater (SmartOne 
EasyPlug Axial Bottom Heater; Integrated Aqua Systems, Vista, CA, 
U.S.A.), two circulating pumps (CompactON 300; Eheim, Deizisau, 
Germany), and an aerator (Tetra Whisper; Tetra, Blacksburg, VA, 
U.S.A.). Six plastic compartments (20 × 10 × 10 cm) were attached to 
the sides of the tank to hold fish. These compartments were per-
forated with holes for water circulation, but kept fish confined to 
minimise disturbance from each other, making it easier for monitor-
ing (Dai & Suski, 2019). Six fish were introduced into compartments 
during each trial and given 30 min acclimation at 25°C (±0.2°C) with 
nearly 100% DO saturation (>7.5 mg/L).

After 30 min acclimation, the air stone was removed from the 
tank, and water temperature was increased by 0.3°C/min (Beitinger 
et al., 2000). The temperature at which fish started to lose body 
equilibrium, defined by disorganisation of locomotion and failure 
to maintain dorsoventral orientation for 3 s, was recorded as CTmax 
(Beitinger et al., 2000; Morgan et al., 2018). Fish were quickly re-
moved once they lost equilibrium and measured for total length. 
During the trial, temperature was recorded every min (Pro Plus 
Multiparameter Instrument; YSI, Yellow Springs, OH, U.S.A.). DO 
stayed near 100% saturation (>7.5 mg/L). All fish were only tested 
once.

2.5  |  Muscle enzymes

To quantify the activity of metabolism- related and antioxidant 
defence- related enzymes at 1, 6, and 24 hr after same heatwave 

simulations as CTmax, another six fish were collected from hold-
ing tanks, euthanised (cerebral percussion), and measured for total 
length. White muscle was excised below the dorsal fin, rinsed with 
phosphate- buffered saline at pH 7.4 to remove blood cells and clots, 
then immediately frozen in liquid nitrogen before being stored at 
−80°C prior to analyses. All enzyme analyses and protein concen-
tration measurements described below were performed in duplicate 
using the spectrophotometric method. Samples collected in the 
25°C control group could not be analysed due to the pandemic, limit-
ing our ability to detect enzyme performance changes from baseline 
levels.

Lactate dehydrogenase (LDH) activity was measured to 
quantify the anaerobic capacity of white muscle using a Lactate 
Dehydrogenase Activity Assay Kit (MAK066; Sigma- Aldrich, 
St. Louis, MO, U.S.A.). For this, 20 mg of muscle was thawed on 
ice, homogenised (Bullet Blender Blue; Next Advance, Troy, NY, 
U.S.A.) in 100 μl of cold LDH Assay Buffer, and then centrifuged at 
10,000 × gravity (g) for 15 min at 4°C. Owing to high activity, the su-
pernatant was further diluted 1:20. A 2- μl aliquot of diluted sample 
was then measured with 48 μl LDH Assay Buffer and 50 μl Master 
Reaction Mix per well on 96 well plates at 25°C and λ = 450 nm per 
the manufacturer's instructions. Total protein concentrations (mg/
ml) was determined using 5 μl of undiluted supernatant in each sam-
ple, BSA standard (P0834; Sigma- Aldrich, St. Louis, MO, U.S.A.), 
and Bradford Reagent (B6916; Sigma- Aldrich, St. Louis, MO, U.S.A.) 
(Bradford, 1976) at 25°C and λ = 595 nm after 10 min incubation. 
The LDH activity was corrected for total protein concentration 
(μmol mg−1 protein min−1).

F I G U R E  1  Water temperature in two agricultural streams (a) and two reference forested streams (b) in Kaskaskia River basin, Illinois, 
U.S.A. from 9 July 2020 to 30 September 2020. Temperatures in two agricultural or forested streams were not averaged but highly 
overlapping in the figure. Mean (±SD) temperatures for agricultural versus forested streams: July: 26.5 ± 2.6 versus 25.0 ± 1.8°C; August: 
24.8 ± 2.9 versus 22.5 ± 2.0°C; September: 20.0 ± 4.2 versus 19.2 ± 3.1°C. temperature ranges for agricultural versus forested streams: July: 
19.8– 33.4 versus 21.1°C– 29.7°C; August: 17.9– 33.8 versus 17.5°C– 27.5°C; September: 11.0– 30.9 versus 11.9°C– 26.6°C. data were missing 
in August 2020 in agricultural Jordan Creek and September 2020 in forested Lake fork due to loss of loggers.
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    |  1805DAI et Al.

Citrate synthase (CS) activity was measured to quantify the aer-
obic capacity of white muscle using a MitoCheck Citrate Synthase 
Activity Assay Kit (701040; Cayman Chemical, Ann Arbor, MI, 
U.S.A.). For this, 20 mg of muscle was thawed on ice, homogenised 
in 200 μl cold buffer (250 mM sucrose, 10 mM Tris- base, and 1 mM 
EGTA, pH 7.4) and centrifuged at 10,000 × g for 15 min at 4°C. The 
supernatant was used in the assay without further dilution. The CS 
activity was measured at 25°C and λ = 412 nm per the manufactur-
er's instructions. Same as LDH activity, CS activity was corrected for 
total protein concentration (μmol mg−1 protein min−1).

Superoxide dismutase (SOD), an antioxidant that defends 
against reactive oxygen species, was quantified using a Superoxide 
Dismutase Assay Kit (706,002; Cayman Chemical, Ann Arbor, MI, 
U.S.A.). For this, 10 mg of muscle was thawed on ice, homogenised in 
200 μl cold HEPES buffer (1 mM EGTA, 210 mM mannitol, and 70 mM 
sucrose, pH 7.2), and centrifuged at 10,000 × g for 15 min at 4°C. The 
supernatant was diluted 1:6. The SOD was measured at 25°C and 
λ = 450 nm per the manufacturer's instructions and corrected for 
total protein concentration (U/mg protein).

2.6  |  Oxygen consumption rate

To quantify how different heatwaves impacted whole- organism 
oxygen consumption rates (ṀO2, mg O2/hr), intermittent- flow 
respirometry was used (Loligo Systems, Viborg, Denmark) (Clark 
et al., 2013). In the system, four glass cylindrical chambers (inner 
diameter: 45 mm; length: three were 145 mm, one was 114 mm) were 
submerged in a 98- L experimental tank (radius: 570 mm; height: 
150 mm) in a dark room, with aerated water temperature controlled 
at 25 ± 0.2°C. Heatwave simulations were identical to those men-
tioned above. A UV steriliser (9 Watt, Pond Boss; West Palm Beach, 
FL, U.S.A.) minimised bacterial respiration during trials.

The measurement cycle was determined following pilot trials 
and went as follows: a 5- min flush, 1- min wait, and 9- min measure 
period, resulting in 15- min cycle. A mixing pump (Universal 300; 
Eheim, Deizisau, Germany) ran to move water through the cham-
ber and around an external circuit of gas- tight tubing to avoid any 
oxygen gradient. A flush pump that was connected to each cham-
ber (Universal 300; Eheim, Deizisau, Germany) and controlled by 
AutoResp 2.2.2 (Loligo Systems, Viborg, Denmark) allowed for the 
exchange of fresh aerated water from the tank during every 5- min 
flush period. During the 9- min measurement period, DO in the cham-
bers was monitored every sec using a 4- channel Minisensor Oxygen 
Meter with associated sensors (PreSens; Regensburg, Germany) and 
remained above 80% saturation.

Fathead minnow were collected from holding tanks, measured 
for total mass and total length, then gently introduced into respirom-
etry chambers in the afternoon and left undisturbed until around 
10 am the next morning. Resting ṀO2 on day 1 (RMR1) was calcu-
lated as the lowest 10th percentile of measurements taken through-
out this overnight period (Chabot et al., 2016). Then, for fish in the 
single heatwave treatment, water temperature in the respirometry 

tank was increased rapidly from 25°C to 32°C or 34°C within 30 min, 
maintained for 1 hr, then cooled back to 25°C within 30 min. For fish 
in the multiple heatwave treatment, the first two heatwaves were 
simulated in holding tanks before fish were introduced into the res-
pirometry chambers in the afternoon prior to the last heatwave at 
10 am the next morning. For fish in the extended heatwave treat-
ment, water temperature in the respirometry tank was increased 
from 25°C to 32°C or 34°C within 30 min the next morning, then 
maintained at 32°C or 34°C during the rest of the monitoring pe-
riod. For the control group, the temperature in the respirometry tank 
was maintained at 25°C, and control fish received all the same pro-
cedures. In all treatments, ṀO2 of fathead minnow was monitored 
for 24 hr after the start of temperature changes in the respirometry 
tank, and the lowest 10th percentile of measurements within this 
24 hr was calculated as resting ṀO2 on day 2 (RMR2). Eight fish were 
measured for each treatment. All chambers were deeply cleaned 
before every trial and the UV steriliser was constantly used during 
every trial to minimise the influence of background respiration. Final 
ṀO2 accounted for background bacterial respiration by measuring 
respiration for 30 min before and after trials and assuming a linear 
increase in background respiration over time.

2.7  |  Data analysis

All data were analysed using R 4.0.2 (R development Core Team, 
2020). Following single, multiple, and extended heatwaves, respec-
tively, to quantify the effects of different temperatures on thermal 
tolerance and enzyme responses, linear mixed models were run using 
the lme4 (Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017) 
packages. For thermal tolerance, we used CTmax as the dependent vari-
able, with time (1, 6, 24, and 48 hr) and temperature (25°C, 32°C, and 
34°C) as fixed factors. For enzyme analyses, we used LDH activity, 
CS activity, or SOD as dependent variables, with time (1, 6, and 24 hr) 
and temperature (32°C and 34°C) as fixed factors. The interactions 
between time and temperature were also included both thermal toler-
ance and enzyme models, with total length nested within tempera-
ture as random factor. Another random factor, compartment nested 
within temperature, was initially included in thermal tolerance models 
but later removed by comparing Akaike information criterion values. 
Model assumptions of linearity, normality, and homogeneity of residu-
als were confirmed by inspecting plots of model residuals versus fit-
ted values. Tukey's HSD post hoc analyses were performed using the 
emmeans package (Lenth et al., 2018) to determine differences across 
factors. Marginal r2 explaining model variance with fixed factors only 
and conditional r2 explaining variance for the entire model were calcu-
lated using the MuMIn package (Barton, 2020).

Oxygen consumption rates (ṀO2) per individual were calcu-
lated by the average slope of each 9- min measurement period ob-
tained from the linear regression between oxygen consumption 
over time (mg O2/hr), then corrected for the volume of the res-
pirometry chamber and total mass of the fish. ṀO2 with r2 < 0.9 
were filtered out for quality control (Svendsen et al., 2016). RMR1 
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1806  |    DAI et Al.

and RMR2, with average ṀO2 during the initial 1- hr heatwave ex-
posures, and average 1 hr ṀO2 at 1 and 6 hr after the initial 1- hr 
heatwave, were calculated for each fish. To evaluate the effects 
of different temperatures on ṀO2 under single, multiple and ex-
tended heatwaves, respectively, linear mixed models were used, 
with log(ṀO2) as the dependent variable, and time (RMR1, RMR2, 
1- hr heatwave ṀO2, 1 hr ṀO2 at 1 and 6 hr after initial 1- hr heat-
wave), temperature (25°C, 32°C, and 34°C), and log(total mass) 
as fixed factors, The interactions between time and temperature 
were also included, with fish ID as random factor to account for 
potential non- independence of data (i.e. different time period of 
ṀO2 for each fish). Other random factors were initially included in 
full models but later removed by comparing Akaike information cri-
terion values, including chamber nested within treatment and test 
date nested within treatment. Assumptions of linearity, normality, 
and homogeneity of residuals were again confirmed as described 
above, Tukey's HSD post hoc analyses were performed to separate 
means. Marginal r2 and conditional r2 were also calculated.

To measure thermal sensitivity under heatwaves, Q10 was cal-
culated by:

where R2 and R1 represent ṀO2 during the 1- hr heatwave across dif-
ferent heatwave treatments and the 25°C control group, respectively; 
T2 represents the heatwave temperature.

To quantify the post- heatwave oxygen consumption, within 1 hr 
after water being cooled back to 25°C in single and multiple heat-
wave groups, the area (i.e., mg O2) above ṀO2 of the 25°C control 
group was calculated. The area during the same period in the ex-
tended heatwave group was also calculated for comparisons.

3  |  RESULTS

3.1  |  Critical thermal maximum

Critical thermal maximum in fathead minnow elevated more 
after 34°C heatwaves compared to 32°C heatwaves, with mul-
tiple heatwaves transiently eliciting higher CTmax than a single 
heatwave (Figure 2, Table 1). At 32°C, CTmax neither increased 
nor decreased compared to 25°C, except a 0.7°C increase at 
1 hr after multiple heatwaves (Figure 2b). However, at 34°C, 
after single heatwave, CTmax increased 1.2°C at 6 hr compared 
to 25°C (Figure 2a); after multiple heatwaves, CTmax increased 
significantly, with 1.4°C at 1 hr and 0.8°C at 48 hr compared to 
25°C (Figure 2b); during extended heatwave at 34°C, CTmax first 
decreased 1.1°C at 1 hr compared to 25°C, but then gradually re-
covered, until reaching 1.8°C higher by 24 hr (Figure 2c). Fathead 
minnow under extended heatwave at 34°C experienced >50% 
mortality after 24 hr, so we stopped CTmax tests for the 48- hr 
group.

3.2  |  Muscle enzymes

Enzyme activities were generally lower under 34°C heatwaves 
compared to 32°C (Tables 2– 4, Figures S1– S3). LDH activity did 
not change from 32°C to 34°C after single or during extended 
heatwave. However, after multiple heatwaves, LDH activity fell 
by 32% within 24 hr from 32°C to 34°C, with increased activity 
from 1 to 24 hr detected for both temperatures (Table 2). CS ac-
tivity did not change from 32°C to 34°C across all types of heat-
waves, despite an increase in CS activity from 1 to 24 hr under 
single heatwave for both temperatures (Table 3). SOD decreased 
by 21% and 16% within 24 hr from 32°C to 34°C under multiple 
and extended heatwaves, respectively. An increase in SOD from 
1 to 24 hr was detected under single heatwaves for both tempera-
tures (Table 4).

3.3. Oxygen consumption rates (ṀO2)

Under single and multiple heatwaves, the ṀO2 of fathead min-
now increased sharply during the initial 1- hr heatwaves, then de-
creased quickly to control levels. Fathead minnow did not show 
higher ṀO2 from 32°C to 34°C during the 1- hr heatwave. Under 
the extended heatwave, ṀO2 still decreased after the initial 1 hr 
metabolic spike, but never completely returned to control levels 

Q10 =

R2

R1

10
◦

C

T2−25
◦

C

F I G U R E  2  Critical thermal maximum (CTmax, ±SE) of fathead 
minnow Pimephales promelas at 1, 6, 24, and 48 hr after single (a), 
multiple (b), and extended (c) heatwaves. Groups (n = 6 in each 
group) with different letters are significantly different (P < 0.05) 
from each other.
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    |  1807DAI et Al.

during the entire treatment period, with fish under 34°C show-
ing higher ṀO2 than under 32°C after the initial 1- hr exposure 
(Figure. 3, Table 5).

For fish in the single heatwave, a 1- hr heatwave at 32°C and 
34°C increased ṀO2 by 1.6- fold and 1.8- fold compared to 25°C, 
with Q10 values of 3.8 and 3.2 relative to the control fish, respec-
tively (Figure 3a,d). After this 1- hr heatwave, ṀO2 returned to 25°C 
control levels for the remaining 24 hr.

For fish in the multiple heatwaves, the third 1- hr heatwave at 
32°C and 34°C increased ṀO2 by 1.6- fold and 1.9- fold compared 
to 25°C, with Q10 values of 3.9 and 3.3 relative to the control fish, 
respectively (Figure 3b,e). After heatwaves, ṀO2 again returned to 
25°C control levels for the remaining 24 hr.

For fish in the extended heatwave, the first 1 hr of the heatwave 
at 32°C and 34°C increased ṀO2 by 1.2- fold and 1.7- fold compared 
to 25°C, with Q10 values of 3.0 and 3.0 relative to the control fish, 
respectively (Figure 3c,f). After the initial 1- hr heatwave exposure, 
the ṀO2 of fish declined but never returned to 25°C control levels, 
which remained at 0.7– 1.0 fold and 1.1– 1.6 fold higher under 32°C 
and 34°C, respectively.

Post- heatwave oxygen consumption after 32°C and 34°C single 
heatwaves were 0.26 and −0.05 mg O2 for the first hour, respec-
tively. The negative value represents a decrease in post- heatwave 
oxygen consumption of testing fish compared to the 25°C control 
group. After 32°C and 34°C multiple heatwaves, post- heatwave 
oxygen consumption was 0.17 and 0.21 mg O2, respectively. As a 

Sum Sq
Mean 
Sq NumDF DenDF F value p

Single temperature 1.952 0.976 2 14.950 9.893 0.002

Time 0.178 0.059 3 28.219 0.602 0.619

Single temperature*Time 1.630 0.272 6 27.858 2.754 0.031

Multiple temperature 4.383 2.191 2 23.692 21.124 <0.001

Time 2.654 0.885 3 59.386 8.528 <0.001

Multiple 
temperature*Time

3.736 0.623 6 58.641 6.003 <0.001

Extended temperature 0.916 0.458 2 31.597 2.533 0.095

Time 5.943 1.981 3 48.807 10.955 <0.001

Extended 
temperature*Time

12.527 2.505 5 50.165 13.856 <0.001

Note: Fixed factors include temperature (25°C, 32°C, and 34°C), time (1, 6, 24, and 48 hr) and their 
interaction. Model also includes total length nested within temperature as random factor. Marginal 
r2 = 0.384, 0.602, and 0.626, while conditional r2 = 0. 662, 0.627, and 0.689 for single, multiple, 
and extended heatwaves, respectively. Significant factors are shown in bold.

TA B L E  1  Results of linear mixed effect 
models examining factors affecting 
critical thermal maximum (CTmax) in single, 
multiple, and extended heatwaves

Sum Sq
Mean 
Sq NumDF DenDF F value p

Single temperature 1.894 1.894 1 30 0.252 0.619

Time 8.739 4.370 2 30 0.582 0.565

Single temperature*Time 3.782 1.891 2 30 0.252 0.779

Multiple temperature 22.379 22.379 1 18.771 7.493 0.013

Time 28.662 13.331 2 29.113 4.799 0.016

Multiple 
temperature*Time

1.034 0.517 2 29.113 0.173 0.842

Extended temperature 10.477 10.477 1 27.034 0.495 0.488

Time 45.405 22.703 2 28.631 1.072 0.356

Extended 
temperature*Time

33.013 16.507 2 28.631 0.779 0.468

Note: Fixed factors include temperature (32°C and 34°C), time (1, 6, and 24 hr) and their 
interaction. Model also includes total length nested within temperature as random factor. Marginal 
r2 = 0.052, 0.336, and 0.105, while conditional r2 = 0. 052, 0.390, and 0.242 for single, multiple, 
and extended heatwaves, respectively. Significant factors are shown in bold.

TA B L E  2  Results of linear mixed effect 
models examining factors affecting lactate 
dehydrogenase activity in single, multiple, 
and extended heatwaves
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1808  |    DAI et Al.

comparison, extended heatwaves resulted in 0.45 and 0.58 mg O2 
in post- heatwave oxygen consumption at 32°C and 34°C during the 
same period, respectively.

4  |  DISCUSSION

By simulating heatwaves in the laboratory using current and near- 
future daily extreme temperatures in agricultural streams, we found 
that fathead minnow did not exhibit pronounced adverse short- term 
physiological responses. Instead of expected prolonged increases in 
metabolism after exposures to heatwaves, fathead minnow rapidly 
recovered metabolic homeostasis by returning oxygen consump-
tion rates (ṀO2) to resting levels within 1 hr after single and multiple 

heatwaves at both 32°C and 34°C. When fish were held at 32°C or 
34°C during extended heatwaves, ṀO2 still decreased after an initial 
metabolic spike. Fathead minnow also increased their upper ther-
mal tolerance transiently, with an increase in CTmax >1°C after three 
different types of heatwaves at 34°C. However, such resilience to 
heatwaves did come with costs, identified by decreased anaerobic 
capacity and impaired antioxidant defence from 32°C to 34°C, as 
well as the mortality during 34°C extended heatwave after 24 hr.

4.1. Real- time metabolism under extreme heatwaves

When water was cooled to 25°C after 32°C or 34°C heatwaves, fat-
head minnow recovered metabolic homeostasis rapidly, shown by 

Sum Sq Mean Sq NumDF DenDF
F 
value p

Single temperature 0.00010 0.00010 1 17.448 0.622 0.441

Time 0.00213 0.00106 2 25.731 6.743 0.005

Single 
temperature*Time

0.00070 0.00035 2 25.731 2.229 0.128

Multiple temperature 0.00003 0.00003 1 15.094 0.200 0.661

Time 0.00024 0.00012 2 24.315 0.813 0.455

Multiple 
temperature*Time

0.00163 0.00082 2 24.315 5.457 0.011

Extended temperature 0.00001 0.00001 1 22.807 0.060 0.809

Time 0.00066 0.00033 2 27.073 2.582 0.094

Extended 
temperature*Time

0.00014 0.00007 2 27.073 0.549 0.584

Note: Fixed factors include temperature (32°C and 34°C), time (1, 6, and 24 hr) and their 
interaction. Model also includes total length nested within temperature as random factor. Marginal 
r2 = 0.318, 0.249, and 0.151, while conditional r2 = 0. 547, 0.550, and 0.223 for single, multiple, and 
extended heatwaves, respectively. Significant factors are shown in bold.

TA B L E  3  Results of linear mixed effect 
models examining factors affecting citrate 
synthase activity in single, multiple, and 
extended heatwaves

Sum 
Sq

Mean 
Sq NumDF DenDF F value p

Single temperature 1.015 1.015 1 17.396 2.178 0.158

Time 3.962 1.981 2 14.982 4.252 0.034

Single temperature*Time 0.183 0.091 2 14.982 0.196 0.824

Multiple temperature 8.885 8.885 1 30.000 6.379 0.017

Time 1.370 0.685 2 30.000 0.492 0.616

Multiple 
temperature*Time

0.694 0.347 2 30.000 0.249 0.781

Extended temperature 3.978 3.978 1 25.509 6.590 0.016

Time 0.214 0.107 2 24.899 0.177 0.839

Extended 
temperature*Time

2.189 1.094 2 24.899 1.813 0.184

Note: Fixed factors include temperature (32°C and 34°C), time (1, 6, and 24 hr) and their 
interaction. Model also includes total length nested within temperature as random factor. Marginal 
r2 = 0.184, 0.183, and 0.236, while conditional r2 = 0.793, 0. 183, and 0.573 for single, multiple, 
and extended heatwaves, respectively. Significant factors are shown in bold.

TA B L E  4  Results of linear mixed effect 
models examining factors affecting 
superoxide dismutase in single, multiple, 
and extended heatwaves
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    |  1809DAI et Al.

minimal increases in oxygen consumption 1 hr post- heatwave com-
pared to the 25°C control. During extended heatwaves, ṀO2 still 
decreased up to 55% within 24 hr after the initial thermal challenge, 
despite not returning to resting levels. This implies partial thermal 
compensation to preserve aerobic scope (Seebacher et al., 2015; 
Havird et al., 2020). However, under extended exposures to heat-
waves, such compensation seems insufficient to help fish restore 
homeostasis, indicated by costs such as: (1) reduced antioxidant de-
fence at higher temperatures; and (2) fish mortality under 34°C ex-
tended heatwave after 24 hr. Overall, the rapid return of ṀO2 during 
and after heatwaves could help fathead minnow conserve energy 
and maintain aerobic performance (Fry, 1971). Considering the short 
duration of heatwaves, this quick decline in oxygen uptake after 
heatwaves probably helps fathead minnow maintain sufficient aer-
obic scope for foraging, growth, and reproduction (Pörtner, 2010; 
Schulte, 2015).

Besides rapid metabolic adjustments following initial heatwave 
exposures, previous heatwave experience did not help fish gain 
more efficient ṀO2 during later heat exposures, as the increase in 
ṀO2 was 1.6- fold versus 1.6- fold at 32°C, and 1.8- fold versus 1.9- 
fold at 34°C after single versus multiple heatwaves. Besides aerobic 

performance, the limited excess post- heatwave oxygen consump-
tion after single and multiple heatwaves suggests a limited oxygen 
debt from anaerobic metabolism. Thus, with such duration and in-
tensity of heatwaves in the future, oxygen compensation to clear 
excess lactic acid build- up after anaerobic metabolism seems man-
ageable for fathead minnow (Nelson, 2016; Svendsen et al., 2010). 
However, extended heatwaves did cause higher aerobic and anaero-
bic costs for fish, indicated by elevated ṀO2 and higher LDH activity 
during extended heatwaves compared to 1- hr heatwaves. Overall, 
the duration and frequency of heatwaves can play an important role 
in the build- up of energetic costs over the summer period. Under 
current thermal conditions in agricultural streams, fathead minnow 
should still be able to minimise both aerobic and anaerobic costs to 
conserve energy for other activities after short- duration heatwaves.

We did not use classical aerobic scope measurements with 
ṀO2min and ṀO2max under different acclimation temperatures 
to evaluate the effects of heatwaves on fish (Clark et al., 2013). 
Rather, we chose to quantify the real- time changes in ṀO2 during 
and after heatwaves. The classical method of defining aerobic scope 
is ideal for evaluating optimal temperature ranges for physiologi-
cal performance during long- term temperature increases (Rummer 

F I G U R E  3  Oxygen consumption rates (ṀO2, ±SE) of fathead minnow Pimephales promelas (n = 8 in each temperature × type of heatwaves) 
during single (a, d), multiple (b, e), and extended (c, f) heatwaves. Time at 0 hr represents the start of temperature changes. In single (a, d) and 
multiple heatwaves (b, e), temperature changes included 30- min heating, 1- hr heatwaves, and 30- min cooling. In extended heatwaves (c, f), 
temperature changes included 30- min heating and extended 24- hr heatwaves. † and # represents ṀO2 is higher than reference level (i.e., 
ṀO2 of 25°C control group at the same time). In (d, e, and f), horizontal line = median; box = first quartile to third quartile; vertical line = 1.5 
interquartile range.
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1810  |    DAI et Al.

et al., 2014). However, in addition to long- term increases in aver-
age temperatures, climate change and agricultural disturbances can 
also threaten the thermal safety of fish through short- term extreme 
heatwaves, which are becoming increasingly common (Rahmstorf & 
Coumou, 2011; Stillman, 2019). We should consider such short- term 
thermal threats from both: (1) the magnitude, which could exceed 
the thermal safety range of fish, causing death directly; and (2) the 
duration, which could narrow thermal safety margins, possibly im-
pairing fish performance (Rezende et al., 2014). To overcome such 
heatwaves, fish require highly flexible and tolerant physiological per-
formance. Real- time ṀO2 offers the chance to observe such physio-
logical responses on a fine scale, as shown by the rapid adjustments 
of ṀO2 during and after heatwave exposures. This use of fine- scale 
ṀO2 measurements also provides better estimations of metabolic 
costs, thus offering a chance to incorporate dynamic metabolism 
into bioenergetic models to improve model performance. As shown 
during extended heatwave at both 32°C and 34°C, fish could still 
rapidly adjust ṀO2 after an initial metabolic spike. If classical aerobic 
scope at 25°C, 32°C, and 34°C were measured separately and com-
pared with each other, such quick adjustments to ṀO2 would prob-
ably have been overlooked, causing incorrect estimation of aerobic 
scope reduction and metabolic costs during short- term heatwaves.

4.2. Thermal tolerance changes and 
enzyme responses

Short- term heatwaves increased the upper thermal tolerance of fat-
head minnow. One hour after multiple heatwaves, fathead minnow 
showed their highest CTmax after all 34°C heatwaves, and showed 

the only CTmax increase after all 32°C heatwaves. This indicates 
that previous heatwave experience did have carryover effects and 
helped fathead minnow better prepare for subsequent heatwaves. 
This result is different from the effects of repeated daily heatwaves 
on the stenothermal Atlantic salmon Salmo salar, which did not show 
increased CTmax with more heatwaves (Corey et al., 2017). Such dif-
ferent results in heat hardening can probably be attributed to dif-
ferent capacities of the inducible heat shock response between 
stenothermal and eurythermal fishes (Logan & Buckley, 2015), 
as well as a diminished oxygen limitation from gill surface area in 
smaller fishes (Rubalcaba et al., 2020). Besides the CTmax increase 
1 hr after multiple heatwaves at 32°C, fathead minnows did not 
change CTmax within 48 hr under all types of 32°C heatwaves. This 
suggests that 32°C heatwaves in Midwestern agricultural streams 
were still within the upper thermal tolerance of fathead minnow, and 
thus did not cause excessive thermal stress that would stimulate sig-
nificant heat hardening. Considering the results after all heatwaves, 
fathead minnow showed the highest CTmax after 34°C heatwaves, 
up 1.4°C– 38.4°C, but this endpoint is still lower than the CTmax after 
long- term acclimation at extreme temperatures. For example, after 
weeks of acclimation at 32°C, the CTmax of fathead minnow was 
shown to be over 40°C using the same 0.3°C/min ramping speed 
and the same end point indicated by loss of equilibrium (Beitinger 
et al., 2000). Such differences in CTmax indicate the limited effects of 
short- term heatwaves on increasing thermal tolerance. Higher ther-
mal tolerance cannot be established overnight. Instead, it appears 
after fish undergo gradual physiological acclimations.

The quick disappearance of transient CTmax increases, to-
gether with the death of fish during 34°C extended heatwave, 
implies high costs of heat hardening, especially when the duration 

Sum 
Sq

Mean 
Sq NumDF DenDF F value p

Single temperature 0.056 0.028 2 17.986 4.371 0.03

Time 3.491 0.873 4 73.248 136.224 <0.01

Single 
temperature*Time

0.753 0.094 8 73.232 14.680 <0.01

Log(Mass) 0.175 0.175 1 17.917 27.318 <0.01

Multiple temperature 0.148 0.148 2 19.915 8.477 <0.01

Time 0.240 0.060 4 82.059 93.830 <0.01

Multiple 
temperature*Time

0.500 0.125 8 82.049 8.636 <0.01

Log(Mass) 0.107 0.107 1 19.978 11.492 <0.01

Extended temperature 0.345 0.172 2 17.865 22.137 <0.01

Time 3.737 0.932 4 74.973 119.738 <0.01

Extended 
temperature*Time

1.121 0.140 8 74.972 18.015 <0.01

Log(Mass) 0.038 0.038 1 17.827 4.882 0.04

Note: Model includes fish ID as random effect. Marginal r2 = 0.816, 0.711, and 0.820, while 
conditional r2 = 0.901, 0.847, and 0.889 for single, multiple, and extended heatwaves, respectively. 
Code in R: Lmer(data = Type_of_Heatwave, logMO2 ~ time*temperature + logMass + [1|fish]). 
Significant factors are shown in bold.

TA B L E  5  Results of linear mixed effect 
models examining factors affecting 
metabolic rate (ṀO2) in single, multiple, 
and extended heatwave at 25°C, 32°C, 
and 34°C related to Figure 3, time 
represents different measurement 
periods, including resting metabolic 
rate on day 1, the first 1- hr heatwave 
(heatwave), 1 hr after the first 1- hr 
heatwave (1 hr), 6 hr after the first 1- hr 
heatwave (6 hr), and resting metabolic 
rate on day 2

 13652427, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.13976 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [20/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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of heatwaves is taken into consideration, with longer heatwaves 
potentially narrowing thermal safety margins. The performance of 
both metabolism- related and antioxidant defence- related enzymes 
confirms this. More specifically, SOD, CS activity, LDH activity all 
increased temporally, either after single or multiple heatwaves, 
implying post- heatwave compensation costs. Besides temporal 
changes, the lower SOD in white muscle from 32°C to 34°C rep-
resents a reduced energy investment in antioxidant defence (Little 
et al., 2020). However, with higher respiratory requirements during 
extreme heatwaves, excessive oxidative stress from the produc-
tion of reactive oxygen species should be buffered with more 
antioxidant agents (Heise et al., 2006). This contradictory result 
shows that fathead minnow either passively lost antioxidant de-
fence due to the denaturation of enzymes or inability of synthesis 
(Madeira, 2016), or allocated energy towards activities with higher 
priority (Betzelberger et al., 2010). Apart from more oxidative dam-
age, anaerobic capacity, indicated by LDH activity, was downregu-
lated within 24 hr from 32°C to 34°C after multiple heatwaves. This 
downregulation means fish relied less on glycolysis for ATP (Enzor 
et al., 2017), signalling energy conservation after experiencing high 
energetic costs from previous heatwave exposures. Unfortunately, 
this energy conservation also implies lower anaerobic potential that 
could translate to reduced burst swimming performance for preda-
tor avoidance and forage (Plaut, 2001).

4.3. Implications and conclusions

We witnessed high thermal resilience of fathead minnow to extreme 
heatwaves. This result suggests that some fish species, particularly 
thermally tolerant ones, can withstand current and near- future heat-
waves in disturbed ecosystems such as agricultural streams. This 
result stimulates several questions for future studies: (1) What will 
the responses to extreme heatwaves be for more thermally sensi-
tive fish? Distributions of cold- water species have been predicted 
to be more restricted with global temperature increases (Comte 
et al., 2013). But this rate of habitat loss could have been underesti-
mated because short- term heatwaves oftentimes have not been in-
cluded in models. (2) What if during heatwaves, fish must migrate or 
maintain other essential activities? For Atlantic salmon, it has been 
verified that they had higher standard metabolism during migration 
under more variable environments (Oligny- Hébert et al., 2015). This 
could limit their metabolic scope, thus reducing their energy budget 
for later reproduction. (3) Can heatwaves impact predator– prey in-
teractions, thus altering nutrient and energy pathways in local fresh-
water ecosystems? In marine ecosystems, short- term heatwaves 
in Western Australia during 2011 had long- lasting effects on the 
range contraction of kelp Ecklonia radiata and the range expansion of 
algal turfs, thus altering local fish community composition (Harvey 
et al., 2022).

In nature, the impacts of heatwaves should never be analysed 
alone. Rather, other factors that could have additive or synergis-
tic effects on biota should be considered in concert with thermal 

changes, such as low dissolved oxygen from nutrient enrichment 
or toxicant exposure from pesticides in agricultural regions (Op de 
Beeck et al., 2017; Verberk et al., 2016; Wang et al., 2003). Also, 
the impacts of heatwaves should be analysed dynamically. With 
diel fluctuations of temperatures in streams, fish could recover at 
night when water cools, even during prolonged heatwaves that last 
days. However, low dissolved oxygen at night (Guasch et al., 1998; 
Matthews & Berg, 1997) could cause respiration pressure, disturb-
ing the recovery process. Thus, impacts of heatwaves on fish in real 
streams are more complicated than we simulated and tested in this 
study.

In the era of rapid climate change, degraded freshwater ecosys-
tems could experience extreme heatwaves earlier compared to bet-
ter protected ecosystems, thus requiring a prioritised focus. Here, 
we show that, under current and near- future heatwaves in agricul-
tural streams, a thermally tolerant fish, fathead minnow, demon-
strated high thermal resilience by minimising metabolic costs and 
transiently enhancing upper thermal tolerance, despite the costs 
of reduced anaerobic potential and impaired antioxidant defence. 
When conducting physiological evaluations and bioenergetic mod-
elling on the thermal impacts on fish, we suggest that subsequent 
studies consider and monitor short- term extreme events that last 
from hours to days, as their effects are typically overlooked, but may 
have a disproportionate influence on individuals and populations rel-
ative to their short duration.
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