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ABSTRACT

The ability of freshwater fish to acclimate quickly to water tem-
perature variation is imperative when living in shallow changeable
environments. However, while it has often been assumed that
maximum metabolic rate is constant and therefore that meta-
bolic scope (the difference between maximum and standard meta-
bolic rates) decreases with ambient temperature, this assumption
is weakly supported and remains controversial. We investigated
acclimation in a temperate, shallow-dwelling Australian fresh-
water fish, the Pacific blue-eye (Pseudomugil signifer), to rising
water temperatures. We placed wild-caught fish into three accli-
mation treatments (24°C, 28°C, and 30°C) and measured meta-
bolic rate at three test temperatures (24°C, 28°C, and 30°C). We
found that fish acclimated (recovered standard metabolic rate) to
housing temperatures before the first measurement at 10 d. More-
over, we found that regardless of acclimation temperature, standard
metabolic rate, maximum metabolic rate, and aerobic scope all
increased with test temperature. Our findings suggest that maxi-
mum metabolic rate and metabolic scope can adjust rapidly to
ambient temperature. More research is needed to understand the
generality of these effects, as well as their consequences for fitness.

Keywords: acclimation, thermal compensation, oxygen con-
sumption rate, freshwater fish.
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Introduction

Animals live in dynamic ever-changing environments that fluc-
tuate over space and time. One environmental feature, temper-
ature, plays a particularly large role in many aspects of ectotherm
biology, including metabolic rate, reproductive success, sex de-
termination, and performance (Fry 1947; Pauly 1979; Behrens and
Lafferty 2007; Ospina-Alvarez and Piferrer 2008; Pankhurst and
King 2010). Typically, as environmental and body temperatures
increase, performance increases to a peak at the optimum tem-
perature and then decreases sharply as temperatures continue to
rise (thermal performance curves; Angilletta 2009). Thus, vari-
ability in the thermal environment can impact individual perfor-
mance and fitness, as well as population persistence. In response
to changes in the thermal environment, thermal performance
curves may change via physiological acclimation. Physiological
acclimation is described as reversible phenotypic plasticity that
occurs through exposure to an environment over time periods
ranging from hours to months (Angilletta et al. 2002; Angilletta
2009; Schulte et al. 2011). When thermal acclimation occurs, it
may provide complete compensation, partial compensation, or
overcompensation (Huey and Berrigan 1996; Havird et al. 2020).
Often, partial or complete thermal acclimation will result in in-
creased tolerance and performance similar to, or more extreme
than, that resulting from the acclimation temperature, which
could increase population resilience under climate change sce-
narios (Sandblom et al. 2014; Seebacher et al. 2014; Colinet et al.
2015). Whether physiology changes at a rate and magnitude that
matches environmental change might depend on pace of life and
thermal habitat and could therefore vary considerably among
species (Angilletta et al. 2002; Seebacher et al. 2015).

The dependence of performance on ambient temperature is
thought to be linked to metabolic rate, particularly aerobic scope
(Portner and Knust 2007). Aerobic scope is the difference be-
tween maximum oxygen consumption (Vo,) and resting Vo, (Fry
1947) or, more simply, the capacity for aerobic activity once basic
metabolic demands (standard metabolic rate [SMR]; i.e., resting
state) are met (Portner and Knust 2007). Aerobic scope may fol-
low a thermal performance curve whereby scope declines as en-
vironmental temperatures increase from temperatures within the
optimal range to extremely warm temperatures, thereby con-
straining the performance of animals (the oxygen and capacity
limited thermal tolerance [OCLTT] hypothesis; Pértner and Knust
2007; see also Farrell et al. 2009; Pértner 2010; Sandblom et al.
2016; Portner et al. 2017). This decline in scope with increasing
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temperatures could arise if maximum metabolic rate (MMR; i.e.,
exercise state) remains constant (or declines at stressful temper-
atures) whereas SMR continues to increase with increasing tem-
perature. Such a pattern has long been assumed, and it is the
basis for widely accepted models of metabolic plasticity (Portner
et al. 2001; Portner and Knust 2007). However, some empirical
studies have found that MMR can be just as sensitive as SMR to
increasing temperatures, often to the point of causing an increase
in aerobic scope at extreme high temperatures (Fry 1947; Clark
et al. 2011; Ern et al. 2014; Grins et al. 2014; Norin et al. 2014).
Increased knowledge across ecologically and taxonomically di-
verse fish species could help to interpret interspecific variation
and reveal general patterns.

Prior physiological acclimation to warm temperatures can
allow recovery (partial or full) of aerobic scope (MMR—SMR),
owing to an acclimatory reduction of SMR (table 1). For many
fish, recovery of SMR can occur over short time spans of weeks or
days. For example, rainbow trout (Oncorhynchus mykiss) accli-
mate to both cooling and warming temperature treatments after
only 4 d of exposure (Evans 1990). The ability to acclimate quickly
to changes in temperatures may increase environmental resilience,
enabling fish to buffer extreme or novel temperatures anticipated
under anthropogenic habitat modification or climate change
(Seebacher et al. 2010, 2015). Indeed, the rate of anthropogenic
temperature change is often rapid, meaning that the speed at
which individuals acclimate to temperature fluctuations will
become crucial for species persistence (Havird et al. 2020). Despite
this, studies investigating the rate of acclimation (taking repeated
measures) are relatively rare (table 1).

In addition, much of the research on acclimation has been
conducted on select model species, leaving large geographic and
phylogenetic areas unstudied (Seebacher et al. 2015). Despite the
concern over oceanic species’ abilities to acclimate to future
climate scenarios, marine species are predicted to be less affected
by temperature changes than freshwater species because of the
relatively smaller magnitude of temperature change predicted
in oceans than in freshwater habitats (Seebacher et al. 2015). How-
ever, we know little about how small freshwater fish respond
to warming waters. Freshwater environments are isolated and
fragmented within a terrestrial landscape, making them highly
dependent on rainfall and more susceptible than oceanic envi-
ronments to larger swings in water temperature (Morrongiello
et al. 2011).

We aimed to investigate the acclimation ability of a temperate,
shallow-dwelling Australian freshwater fish, the Pacific blue-eye
(Pseudomugil signifer), to rising water temperatures and to test the
prediction that as environmental (i.e., test) temperature increases,
SMR would increase and MMR would remain stable (Fry 1947;
Portner and Knust 2007), thus reducing aerobic scope at higher
test temperatures (fig. 1). While this hypothesis is unlikely to
capture the complexity and diversity of metabolic responses
across fish species, testing predictions from this straightforward
hypothesis can nonetheless provide insights that will help develop
a more nuanced model. The Pacific blue-eye is a shoaling fish that
forms large schools (100-150 fish) in coastal drainage systems on
the east coast of Australia (Allen et al. 2002). It is euryhaline (i.e.,

able to tolerate a wide range of salinity), is found in completely
fresh waters as well as estuaries, and has been found in waters
as cool as 10°C and as warm as 30°C (ANGFA Aquatic Survey
Database 2022). We captured wild Pacific blue-eyes from a
freshwater stream, subjected them to one of three acclimation
temperature treatments (24°C, 28°C, and 30°C) for either a 10-d
duration or a 30-d duration, and then assayed them at three test
temperatures. The 24°C treatment represents a normal summer
temperature for this population, while the 28°C and 30°C treat-
ments represent warming scenarios while still being within the
natural temperature range of this species (ANGFA Aquatic Sur-
vey Database 2022; J. Ruszczyk, personal communication). While
this species has been surveyed at 30°C, this is a daytime summer
temperature and not representative of what this species would
experience continuously in their habitat. Based on previous work
investigating fish acclimation (table 1), we predicted that thermal
compensation would be evident as similar SMRs in fish from all
acclimation temperature treatments when tested at the same
temperature as their acclimation temperature (fig. 1). This could
occur in two ways. First, SMR retains its sensitivity to test tem-
perature, but fish acclimated to a warmer temperature exhibit
reduced SMR at any given ambient temperature (i.e., a reduction
in the intercept; fig. 1). Second, fish acclimated to a warmer
temperature could exhibit reduced sensitivity to temperature,
such that the slope between SMR and ambient temperature is
steepest for fish acclimated to the coolest temperature treatment
(24°C). In addition, we expected the rate of acclimation to take up
to 30 d based on evidence that ectotherm acclimation usually
occurs within 3-4 wk of a chronic temperature change (Bouchard
and Guderley 2003).

Methods
Wild Capture and Husbandry

Fish were captured in groups of 20-22 at four time steps
between December 2020 and March 2021 at Deep Creek Re-
serve, Narrabeen, New South Wales, Australia (—33.70956,
151.27535), a freshwater tributary that flows into a large es-
tuary. A hand net was placed in the water, and frozen pea and
prawn puree was thrown into the net as bait until fish entered the
net. Fish were then put into plastic fish bags with creek water in
groups of six. Fish were transported to an animal facility at the
University of New South Wales (Sydney) and randomly assigned
to acclimation temperature treatments. Fish were acclimated to
the lab aquariums over the course of 2 h by placing fish bags on
top of the water in the aquarium and adding a cup of tank water to
the fish bag every half hour. Fish were kept in groups of three or
four individuals (one male and two or three females) in aquariums
(10 L), and water was maintained at the treatment temperature
by keeping the tanks inside temperature-controlled rooms. Aquar-
iums included enrichment items (such as driftwood, aquarium
ornaments, and spawning substrate made of wool, taking up 25%
of aquarium space) as well as a sponge filter to maintain water
quality. Fish were fed daily with frozen pea and prawn puree. All
tanks were cleaned with a siphon gravel cleaner, and 30% of the
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O, Consumption (O,L")

24 28 30
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Figure 1. Predicted metabolic responses to test temperatures for fish from each of three acclimation temperatures. Standard metabolic rate is
represented by the blue line, maximum metabolic rate is represented by the red line, and aerobic scope is represented by the shaded space between the two.
The x-axis is acclimation temperature, and the three dots for each acclimation temperature represent three matching test temperatures (continuous scale).
The dashed line represents baseline standard metabolic rate (e.g., standard metabolic rate at 24°C when acclimated to 24°C). Here, acclimation occurs as a
reduction in the intercept of the standard metabolic rate curve, but it could also arise as a reduction in sensitivity to test temperature (shallower slope). While
the relationship of metabolism and temperature is nonlinear over large temperatures, we focus on ecologically relevant temperatures where a linear
relationship is a reasonable approximation.

water (salinity: 2 ppt; pH: 8.0; KH: 120 ppm; GH: 400 ppm) was per treatment, N = 9 aquariums per treatment, N = 90 total fish).
changed once per week. The experiment was run in six collection batches (N = 15 indi-
viduals per batch) to allow for measurements to take place
within a 3-d time frame after the acclimation period. Fish were
acclimated to these treatment conditions for 10 or 30 (*+2) d.
Upon arrival to the lab, fish were placed into one of three tem- At 10 (£2) d, half the fish were measured for SMR and MMR
perature acclimation treatments: 24°C, 28°C, or 30°C (N = 30 fish over a 3-d period using closed respirometry (N = 15 fish per each

Experiment
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temperature treatment). Each fish participated in one SMR
and one MMR trial at one test temperature per day, for a total of 3 d
of testing. Fish were fasted for 24 h before Vo, measurements. SMR
measurements were carried out first, and MMR measurements
were carried out second. SMR and MMR were measured at three
test temperatures that matched the acclimation treatments (fig. 2).
Test temperature sequence for each batch of fish was chosen
randomly from a list composed of each sequence possibility,
sampled without replacement across batches.

Wild pacific

blue-eye fish
24°C 28°C
Acclimation
Temperature 9

SMR and MMR were measured with a closed respirometry sys-
tem. An Oxy-10 mini oxygen meter (PreSens) was used to measure
oxygen content (mg/L) in a 100-mL glass respirometry chamber
(jar). The Oxy-10 mini uses fiber-optic cables that read the
reflectance of a PSt3 oxygen sensor spot (detection limit: 15 ppb;
0%-100% oxygen) glued on the inside of the sealed container
with silicon (Kwik-Sil silicone elastomer, World Precision In-
struments). To measure SMR, fish were held in the open respi-
rometry chambers (open lid and airline tubing maintaining high

O

N

30°C

24°C 28°C 30°C
Acclimation .
e KA—’>‘ *A"‘m\ 2 -
Test | 20°C |} 28°C |} 30°C |
Temperature P o !
24°C 28°C 30°C
Acclimation L 4> - -

-

« '\//

A KA—'>" v k‘\‘\ A’,

F====ar

' z4°c " 28°C ' 30°C :

____.‘ -

Test
Temperature

Figure 2. Experimental design. Fish were caught from the wild and then placed into acclimation treatments in the lab (N = 90 total fish
measured). At 10 d, fish (N = 15) from each acclimation treatment in the 10-d group were tested for standard metabolic rate and then maximum
metabolic rate at each test temperature. Standard metabolic rate and maximum metabolic rate measurements were also carried out on assay-naive
fish (N = 15) after 30 d of exposure to the acclimation temperature treatment.
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oxygen levels) at the test temperature (24°C, 28°C, or 30°C) for 1 h
to adjust to the changed conditions before measurement. Res-
pirometers were then closed, and measurements of water oxygen
content (mg/L) were taken every 15 s for 2 h. This SMR sampling
regime was chosen after validation trials (N = 6 fish) to de-
termine the period of time needed for fish to reach a resting
state. These fish were held in aquariums at 24°C and used only in
validation trials. For the validation trials, airline tubing was
placed inside the chambers to maintain oxygen levels. Respi-
rometers were closed, and Vo, (mg/L) was measured over varying
time spans (1-3 h). This was repeated across the three temperature
treatments (24°C, 28°C, and 30°C; with 24 h of rest between
temperatures; Clark et al. 2011; Norin et al. 2014), as time to reach
SMR may vary across temperatures. It was determined that ap-
proximately 1.5 h were needed for fish to reach a resting state.
However, we also determined that the process of closing the
respirometry chambers led to elevated Vo, regardless of the
duration of the initial rest phase. Thus, the final SMR measurement
methods involved 1 h of open-chamber acclimation, followed
by 2 h of closed-chamber monitoring. Of these 2 h of monitoring,
we excluded the first 1 h 40 min of measurements, using only the
last 20 min for SMR calculations (see below).

After measurements of SMR were taken, the respirometers
were opened, and airline tubing was used to reoxygenate the water.
After 30 min of oxygenation, MMR trials began. To measure
MMR, fish were moved to a respirometry chamber (100 mL) that
contained a stir bar with mesh covering. We used the critical
swimming speed protocol (as opposed to the exhaustive chase
protocol often more suitable for benthic ambush predators)
described in Clark et al. (2013) and Norin and Clark (2016), as it
was the most suitable for the Pacific blue-eye, a fast-swimming
pelagic fish. The chamber was placed on a magnetic stir plate.
Initially, each fish was allowed to swim at a flow rate of ~5 cm/s
for 2 min (average swimming speed of Pacific blue-eyes: 10 cm/s;
Booth et al. 1985). After 2 min, the flow was increased by ~3 cm/s
at 30-s intervals. This continued until the fish was unable to keep
up with the current. The speed was then turned down by 3 cm/s to
allow the fish to keep up with the current. This speed was
considered the fastest swimming speed for the individual fish.
Then Vo, was recorded for 7-12 min, until there was a steady
decline in oxygen concentration. If at any stage the fish could
notkeep up with the current, the speed was turned down ~3 cm/
s until the fish was able to maintain itself in the current. If the
fish stopped swimming altogether, it was removed from the
respirometry chamber and placed in a small (~10-L) holding
tank on its own to recover. At the end of the MMR assay, all fish
were weighed to the nearest milligram and then placed in indi-
vidual tanks (10 L) to ensure individual identification across the
three measuring days.

Calculating Metabolic Rates and Aerobic Scope

Vo, (mg/L) for SMR was calculated using the slope of the
regression of Vo, (mg/L) on time (min), which used the Vo,
data from the last 20 min of Vo, measurements recorded
during the SMR assay multiplied by the volume of the res-

pirometry chamber (L). This can be expressed by the following
equation:

VOZ = Ma x V x 602,

where Ma is the rate of change in O, saturation, V'is the volume
of the respirometer, and 8O, is the oxygen capacitance of air-
saturated water at each treatment temperature. These values were
obtained for each treatment temperature (24°C: Vo, = 8.418 mg/
L; 28°C: Vo, = 7.827 mg/L; 30°C: Vo, = 7.558 mg/L).

Vo, for MMR was calculated using the steepest 3-min slope of
Vo, during the MMR swimming speed assay, multiplied by the
volume of the respirometry chamber. All slopes were calculated
from the input data using Prism 9 (ver. 9.0.2). Aerobic scope was
then calculated as the difference between MMR and SMR.

Statistical Analysis

Using the Ime4 (ver. 1.1.27.1; Bates et al. 2014) and ImerTest
(ver. 3.1-3; Kuznetsova et al. 2017) packages in R (ver. 4.3.1),
we ran separate liner mixed effect models using a restricted
maximum likelihood to examine whether aerobic scope, SMR,
and MMR (response variables) were significantly affected by
the duration of the acclimation period (“acclimation time”),
the acclimation temperature treatment, and the test temperature.
We additionally included the interactions between acclimation
and test temperatures and individual mass as predictor variables.
We ran two separate analyses for each response variable. The first
analysis tests how acclimation temperature impacts the slope of
SMR and MMR to test temperature. For this analysis, test tem-
perature was included as a continuous predictor variable, and
acclimation temperature was included as a categorical predictor
variable. Including test temperature as a continuous variable en-
abled comparisons of slopes across acclimation treatments. The
second analysis tests how acclimation to different temperatures
impacts SMR and MMR at the same test temperature. To do this,
both test temperature and acclimation temperature were included
as categorical variables. The response variables and mass as
linear terms returned fan-shaped residuals, so the response
variables and mass were log transformed (natural log) to ensure
that residuals were normally distributed. Despite log trans-
forming, there was still a single data point skewing the data; this
outlier was removed from the dataset. Fish ID was included as a
random effect to account for repeated measures of the same fish
across test temperatures. Initially, a nested random effect term
was included to account for batches of fish measured; however,
we encountered singularity errors across multiple analyses
owing to few fish IDs per batch and treatment temperature.
Therefore, the batch random effect was excluded from the
models. We found that acclimation time did not have a sig-
nificant effect on any of our response variables. However, we
have included separate figures by acclimation time in the appendix
(available online). The sequence of test temperatures had no effect
on SMR, MMR, or aerobic scope (results not reported), so test
sequence order was not included in analyses. The anova function
from the ImerTest package was used to determine which moder-
ators from the linear mixed effect models were significant. The
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anova function within the ImerTest package corrects denom-
inator degrees of freedom using the Satterthwaite method
(Kuznetsova et al. 2017). The emmeans and emtrends functions
from the Ismeans package (ver.2.30-0; Lenth 2018) were used to
run Tukey post hoc comparisons of treatment groups for the
significant moderators.

Results

Acclimation of the Slope of SMR and MMR
across Test Temperatures

For SMR, there was a significant interaction between acclimation
and test temperatures (table 2). Tukey post hoc comparisons
suggest that the slope for fish acclimated to 24°C (slope = 0.000935)
is steeper than the slope for fish acclimated to 28°C (slope =
0.000431; Tukey, t = 2.20, P = 0.074) and 30°C (slope =
0.000138; Tukey, t = 3.44, P = 0.0021; fig. 3), but the slope did
not differ significantly between the 28°C and 30°C acclimation
treatment groups (Tukey, t = 1.26, P = 0.419). This indicates
that acclimation to warm temperatures involves reducing SMR
mostly in warm temperatures (reducing the overall slope between
SMR and test temperature) rather than lowering SMR in all
temperatures (reducing the intercept). However, acclimation
temperature also had a significant main effect on SMR, with lower
SMR values recorded at a given test temperature as acclimation
temperatures increase (emmeans: for 24°C, SMR = 0.000935;
for28°C,SMR = 0.000431;for 30°C,SMR = 0.000138; table 2).
Those acclimated to 28°C (P = 0.0740) and 30°C (P = 0.0021)
had a significantly lower SMR on average, at the same test
temperature, than those acclimated to 24°C. There was no dif-
ference in SMR at the same test temperature between those

acclimated to 28°C and those acclimated to 30°C. Unsurprisingly,
SMR increased with test temperature and individual mass. The
number of days spent in the acclimation treatments was not an
important factor for SMR (table 2).

Contrary to the prediction that MMR would remain rela-
tively stable across test temperatures, MMR significantly increased
with test temperature (table 2). As a result, aerobic scope also
increased with test temperature (table 2). Heavier fish had higher
MMR and aerobic scope values (table 2). Neither MMR nor
aerobic scope was affected by acclimation temperature or the
interaction between acclimation and test temperatures (table 2).
The number of days spent in the acclimation treatments was not
an important factor for MMR or aerobic scope (table 2).

Acclimation as Thermal Compensation
for Changing Temperatures

When treating test temperature as a categorical variable to ex-
amine thermal compensation, the results were similar to those
from the previous analyses (table 3). There was a significant
interaction between test and acclimation temperatures (table 3).
Tukey post hoc comparisons show that for fish acclimated to
24°C, there was a significant difference in SMR if tested at 28°C
or 30°C compared to at 24°C (fig. 4; table S1, available online).
Similarly, for those acclimated to 28°C, there was a significant
decrease in SMR when tested at 24°C compared to at 28°C (fig. 4;
table S1). SMR did not vary significantly among the groups tested
at their matching acclimation temperature (24°C-24°C, 28°C-
28°C, 30°C-30°C), indicating that individuals had experienced
thermal acclimation (fig. 4; table S1).

Table 2: Two-way ANOVA results for standard metabolic rate (SMR), maximum metabolic rate (MMR), and aerobic scope
of Pacific blue-eyes maintained across three acclimation treatments

Estimate (SE) F (df) P
SMR (natural log):
Acclimation temperature 4.38 (2,174.7) 014
Test temperature .0009 (.0002) 28.8 (1,168.7) <.001
Test temperature x acclimation temperature 6.21 (2,168.9) .003
Mass (log) .0018 (.0009) 4.62 (1,91.4) .034
Acclimation time .058 (1, 89.8) .810
MMR (natural log):
Acclimation temperature 713 (2,173.9) .248
Test temperature .0031 (.001) 20.74 (1, 169.8) <.001
Test temperature x acclimation temperature 906 (2,169.7) 406
Mass (log) .015 (.04) 11.88 (1,87.2) <.001
Acclimation time 1.32 (1, 85.2) 254
Aerobic scope (natural log):
Acclimation temperature 468 (2,175.4) 627
Test temperature .0038 (.0018) 13.46 (1,171.5) <.001
Test temperature x acclimation temperature .555 (2,171.4) .575
Mass (log) .013 (.004) 10.87 (1, 88.1) .0014
Acclimation time 1.53 (1, 86.3) 219

Note. Acclimation treatment was categorical; test treatment was continuous. Fish ID was included as a random effect. Significant results are shown in bold.

N = 248 observations, N = 90 individuals. df = degrees of freedom.
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Figure 3. Standard metabolic rate (SMR; A), maximum metabolic rate (MMR; B), and aerobic scope (measured as oxygen consumption; C) across

three test temperatures.

SMR varied with the main effect of acclimation treatment
(table 3), being higher overall in 24°C-acclimated fish (emmeans,
SMR = 0.0119) than in 28°C-acclimated fish (emmeans, SMR =
0.009; P = 0.001) and 30°C-acclimated fish (emmeans, SMR =
0.00885; P = 0.0006) but not significantly different between
28°C- and 30°C-acclimated fish (P = 0.981). SMR also varied
with the main effect of test temperature, being lower overall

when tested at 24°C (emmeans, SMR = 0.0081) than at 28°C
(emmeans, SMR = 0.0108; P < 0.0001) and 30°C (emmeans,
SMR = 0.0109; P < 0.0001); no differences were found between
28°C- and 30°C-tested fish (P = 0.988). Test temperature
retained its significant influence on MMR and aerobic scope
(table 3). MMR was higher at 30°C test temperatures (emmeans,
MMR = 0.0516) than at 24°C (emmeans, MMR = 0.0355;

Table 3: Two-way ANOVA results for standard metabolic rate (SMR), maximum metabolic rate (MMR), and aerobic scope
of Pacific blue-eyes maintained across three acclimation treatments

Estimate (SE)

F (df) P

SMR (natural log):
Acclimation temperature
Test temperature
Test x acclimation temperature
Mass (log)
Acclimation time
MMR (natural log):
Acclimation temperature
Test temperature
Test x acclimation temperature
Mass (log)
Acclimation time
Aerobic scope (natural log):
Acclimation temperature
Test temperature
Test x acclimation temperature
Mass (log)
Acclimation time

.0019 (.0009)

.0143 (.009)

.0124 (.004)

10.18 (2, 89.9) <.001
16.28 (2, 166.2) <.001
3.53 (4, 166.3) .0086
4.88 (1,91.8) .0297
0341 (1,90.2) 781
1.90 (2,84.8) 155
11.58 (2,163.2) <.001
1.40 (4, 163.3) 236
11.42 (1, 86.8) .0011
1.36 (1,85.2) 246
742 (2, 85.9) A79
8.468 (2,164.8) <.001
1.423 (4,164.9) 229
9.34 (1, 87.9) .003
1.423 (1, 86.4) 208

Note. Acclimation treatment was categorical; test treatment was continuous. Fish ID was included as a random effect. Significant results are shown in bold.

N = 248 observations, N = 90 individuals. df = degrees of freedom.
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Figure 4. Standard metabolic rate (SMR; A), maximum metabolic rate (MMR; B), and aerobic scope (measured as oxygen consumption; C) across
three test temperatures. Filled boxes represent the treatments where acclimation and test temperatures matched in order to show the effect of

thermal compensation.

P <0.0001) and 28°C (emmeans, MMR = 0.042; P = 0.01) test
temperatures; no differences were found between test tem-
peratures of 24°C and 28°C. Similarly, aerobic scope was higher
at 30°C test temperatures (emmeans, aerobic scope = 0.041)
than at 28°C (emmeans, aerobic scope = 0.031; P = 0.011) and
24°C (em-means, aerobic scope = 0.0274; P = 0.0004) test tem-
peratures; no differences were found between test temperatures
of 24°C and 28°C.

Discussion

We investigated the acclimation ability of a temperate Australian
freshwater fish, the Pacific blue-eye (Pseudomugil signifer), to rising
water temperatures. Within 10 d of exposure to a water tempera-
ture treatment, fish showed complete thermal compensation, ex-
hibiting similar SMRs when each was tested at their acclimation
temperature. This was accomplished not by lowering SMR overall
but by reducing thermal sensitivity to temperature; in particular, the
slope of SMR with test temperature was shallower in the warm-
acclimated treatments (28°C and 30°C) than in the 24°C treatment.

In contrast, MMR and aerobic scope were not significantly
affected by acclimation temperature or the interaction between
acclimation and test temperatures. These results add support for the
“plastic floors and concrete ceilings” hypothesis, showing that while
SMR can be influenced by periods of warm acclimation, MMR is
not (Sandblom et al. 2016). In this study, MMR increased with
warmer test temperatures to such an extent that aerobic scope also
increased (broadened) at warmer test temperatures regardless of
acclimation temperature. Thus, contrary to predictions, increases
in SMR at warmer test temperatures did not lead to a narrowing
of aerobic scope as SMR approached the MMR limit, even when
considering only the cool-acclimated treatment (24°C). In an

ecological context, this suggests that the heightened thermal
sensitivity of cool-acclimated fish has energetic costs but not
performance-related costs when confronted with an acute rise in
temperature, such as a heat wave.

The OCLTT hypothesis predicts that aerobic scope will narrow
as ambient temperature increases because of SMR approaching a
fixed MMR (Pértner and Knust 2007). Studies using model species
such as eelpout (Zoarces viviparus), Atlantic cod (Gadus morhua),
and spider crab (Maja squinado) support this hypothesis (Portner
etal. 2001; Mark et al. 2002; Pértner and Knust 2007), finding that
MMR declines with increasingly extreme temperatures, causing
an overall decline in aerobic scope. Our contrasting results of
increasing MMR and aerobic scope with test temperature mirror
those results found in other studies in fish (Fry 1947; Claireaux
et al. 2000; Clark et al. 2005, 2011; Eliason et al. 2013; Ern et al.
2014; Gréns et al. 2014; Norin et al. 2014; Raby et al. 2016;
Lapointe et al. 2018). For example, in juvenile barramundi
(Lates calcarifer) acclimated for 5 wk, both SMR and MMR
increased with ambient temperature, butasin the present study,
the increase was greater for MMR than for SMR, and aerobic
scope was broadest at the hottest temperature (38°C; Norin
etal. 2014). Similarly, in brown bullhead (Ameiurus nebulosus),
aerobic scope increased up to the upper incipient lethal tem-
perature of ~37°C (Fry 1947), and in pink salmon (Oncor-
hynchus gorbuscha), maximum aerobic scope was reached at the
hottest temperature experienced by the species at any point in
its life cycle (21°C; Clark et al. 2011). A possible explanation for
the varying results is that aerobic scope (i.e., excess metabolic
capacity) is used for different energetic demands across species
(Clark et al. 2013). For example, an active pelagic fish like the
Pacific blue-eye may prioritize aerobic scope for locomotion
and foraging, as it is continuously moving and eating small prey
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items. By contrast, a benthic ambush predator, like the southern
catfish (Silurus meridionalis), might prioritize its energy budget
for digesting big prey items while remaining relatively still (Fu
et al. 2009).

The results from this study, along with the others mentioned
above, suggest that peak aerobic scope (capacity to supply oxygen
to tissues) is often aligned with the top end of ecologically relevant
temperatures (Fry 1947; Ern et al. 2014; Norin et al. 2014; Raby
et al. 2016), raising the question as to why animals do not live at
hotter temperatures. Likely, the simplest explanation is that there
are many negative impacts of living at hot temperatures for long
periods of time. For example, studies show that growth rate may be
reduced at high temperatures compared to at cooler temperatures
(Ernetal. 2014; Gréns et al. 2014; Enzor etal. 2017). Additionally,
extended exposure to temperatures in the higher thermal range
has been shown to reduce lifespan, which could potentially
reduce net reproductive output (Dembski et al. 2006). This could
be a result of the increased threat of oxidative stress from reactive
oxygen species causing damage to membranes and proteins, which
has been shown to increase as individuals reach their thermal
maximum (Abele et al. 2002; Seebacher et al. 2010; Blier et al. 2014;
Schulte 2015). Furthermore, animals commonly exhibit stress
responses as temperatures near their thermal maximum and
generally have a preference tolive in lower temperatures (Gonzalez
et al. 2010; Clark et al. 2011; Garcia-Guerrero et al. 2022). Thus,
while some fish may have increased capacity to supply oxygen to
tissues at high temperatures for short-term benefit (i.e., escaping
predators), this may not equate to higher fitness over a long
exposure because of the costs of living in hot temperatures long
term. While aerobic scope is one useful measure of physiological
performance, it needs to be measured along with other indicators of
performance at ecologically relevant temperatures to gain a complete
picture and predict which temperatures species can persist in under
future climate scenarios.

In our study, we found that Pacific blue-eyes acclimated
SMR to treatment temperatures before the first measurement
at 10 d. The length of time it takes individuals to acclimate to
the point of recovering original SMR has received little attention
in the literature. Studies investigating the length of acclimation time
required to recover SMR find highly variable timescales, ranging
from a few days to 14 wk depending on species across different
habitats (Arctic/ Antarctic, temperate, and tropical; table 1). Addi-
tionally, we found that there was no significant difference in SMR,
MMR, or aerobic scope between the 10- and 30-d acclimation times.
The results suggest that Pacific blue-eyes can acclimate rapidly in
comparison with most other fish species that have been examined
(table 1). This may be a result of living in shallow environments that
fluctuate in temperature often. Clearly, more research is needed
comparing fish that live in shallow thermally fluctuating environ-
ments with those living at deeper or thermally stable environments.
A timescale of 3 wk is often assumed to be a reasonable accli-
mation period for ectothermic animals, but it may be useful for
future research on small eurythermal fish to investigate shorter
acclimation experiment timescales, particularly if speed of accli-
mation is a focus of the study (Bouchard and Guderley 2003;
Dupont et al. 2023; Einum et al. 2023).

Understanding variation in the speed of acclimation could pro-
vide insight into evolutionary adaptation and predicting species-
specific responses to environmental change. Evolutionary theory
predicts that animals experiencing greater within-generation
variability in temperature should also have greater capacity for
thermal acclimation (Gabriel etal. 2005). However, a meta-analysis
investigating thermal acclimation across animals found that spe-
cies from thermally stable environments were better able to ac-
climate and buffer against temperature changes than species from
thermally variable environments (Seebacher et al. 2015). Although
acclimation to warming temperatures has been well studied, much
of this research is conducted on model species, leaving many
species and large geographical areas unstudied (Seebacher et al.
2015). Thus, while some clear patterns of acclimation ability have
emerged for a small number of species, it is becoming clear that
these findings cannot be extrapolated across species. Future re-
search should investigate why different fish have different meta-
bolic responses to temperature and why some fish respond in ways
that challenge the assumptions of the OCLTT hypothesis. Life
history, or pace of life syndromes, is likely important in shaping
metabolic responses to temperature (Dammhahn et al. 2018). For
example, having a broad aerobic scope at high temperatures
would be advantageous to a pelagic fish that has to continually
move and feed, whereas this would not benefit a benthic fish that
spends more time stationary and feeds only every few days (Clark
et al. 2013). The way to move forward in the field of fish
metabolism is to look at fish that are phylogenetically similar but
live in different ecological niches with different paces of life.
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