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The responses of stress
tolerance, physiological
performance and energy
metabolism to acclimation
temperature between tropical
and temperate fish species
Yong-Fei Zhang, Ping Xiang and Shi-Jian Fu*

Laboratory of Evolutionary Physiology and Behavior, Chongqing Key Laboratory of Conservation and
Utilization of Freshwater Fishes, Animal Biology Key Laboratory of Chongqing Education Commission,
Chongqing Normal University, Chongqing, China
The responses of stress tolerance and other critical physiological functions of fish

species to temperature fluctuations, and the potential relationships with their

thermal history and natural habitat conditions, are vital for future population

dynamic and distribution. In the present study, the thermal and hypoxia

tolerance capacities, oxygen uptake capacity, swimming capacity and energy

metabolism traits of two tropical and two temperate fish species acclimated at

three temperatures were measured. Two tropical species exhibited much poorer

cold tolerance than temperate species as expected. However, irrespective of

thermal history, the two species preferred small and stagnant waterbody habitats

exhibited greater heat tolerance capacity, lower swimming capacity, higher oxygen

supply capacity. hence, higher hypoxia tolerance than the two species preferred to

open waterbody. As anticipated, thermal tolerance capacity changed in parallel

with acclimation temperature. However, hypoxia tolerance appeared to be the

least sensitive to the acclimation temperature, suggesting it is the vital and

conservative physiological function for aquatic breathe animals. One of the

underlying mechanisms is the parallel increase in oxygen supply capacity with

the increased energy and oxygen demanding by higher acclimation temperatures.

All variables involved swimming capacity and metabolic parameters were more

sensitive in the two tropical species, whereas one eury-thermal species was the

least sensitive to temperature change. Moreover, the present study also suggests

that in some species, maximum metabolic rate elicited by locomotion and

digestion might exhibit different temperature sensitivity ranges, possibly as a

result of long-term evolution in response to either habitat environment or life

history traits. Nevertheless, the present study suggests that the difference in stress

tolerance and other physiological functions, and their sensitivity to temperature,

are shaped by both thermal history and habitat conditions. It provides important

information for field conservation and the fisheries industry.
KEYWORDS

reaction norm, thermal tolerance, hypoxia tolerance, locomotion, digestion,
temperature acclimation
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1 Introduction

As a result of continued destruction by human activities and

dramatic changes in natural climatic conditions, global temperatures

are expected to vary by 0 - 6°C across different latitudes, times of day,

and seasons, accompanied by phenomena such as an increase in hot

days (D’Amato and Akdiş, 2020; Varela et al., 2023; Benz et al., 2024).

Changes in the environment temperature of aquatic habitats (lakes,

rivers, oceans, et al.) directly and broadly impact aquatic organisms

such as fish (Miranda et al., 2020; Scherer et al., 2023). The effect of

temperature on fish has been documented for long times ago.

Changes in water temperature can lead to changes in stress

tolerance, locomotor activity, metabolism and growth performance

of fish (Zhou et al., 2019; Lindmark et al., 2022; Tien et al., 2024).

These changes are complex and accompany the process of adaptation

of fish to their habitat conditions: increasing water temperatures

directly affect their metabolic levels and resilience, which in turn

alters their energy allocation and habitat survival strategies, with

consequences for their geographical distribution, species survival, and

reproduction (Deutsch et al., 2015; Lefevre et al., 2021).

Fish have evolved their thermal tolerances over long periods

within habitats that match their ambient temperatures. However,

intensified anthropogenic impacts on aquatic thermal regimes have

begun pushing fish thermal tolerance thresholds to critical levels, with

this pressure projected to escalate in the near future. The thermal

tolerance experience of fish largely influences the ability to adapt to

environmental temperature changes (Larios-Soriano et al., 2021;

Olsen et al., 2021). It affects their geographic distribution

characteristics, interspecific relationships, and life history responses

by shaping and modifying thermal tolerance, with the fish’s

phylogeny background also playing a role (Jarić et al., 2018; Riesch

et al., 2018; Molina et al., 2024). In addition, thermal adaptability, i.e.,

phenotypic plasticity in responses to environmental temperature

changes, is also critical for fish to cope effectively with temperature

fluctuations and reduce individual sensitivity (Morgan et al., 2022).

The acclimation response ratio (ARR) is an important indicator of

the plasticity of the organism’s thermal adaptation (Ruthsatz et al.,

2024). Critical temperature (CTmax, CTmin) is defined as the

temperature at which fish lose equilibrium or exhibit behavioral

malfunction during the experiment, thereby characterizes the limit

temperature at which normal behavior and escape ability can be

maintained; Lethal temperature (LTmax, LTmin) is the temperature at

which fish opercula movements stops or no response to tail

stimulation (Zhang et al., 2024). Generally, acclimation temperature

affects thermal tolerance of fish, showing a parallel change over a

certain temperature range.

Hypoxia tolerance capacity is a vital physiological function for

aquatic breathe animals (Zhang et al., 2024). For fish, increased

temperatures are often accompanied by reduced oxygen level in the

water, and the interaction between these factors is a major test of

fish resilience. Fish can mitigate the effects of moderate

environmental hypoxia by increasing their respiratory rate hence

maintaining the stable of the metabolism. However, under extreme

hypoxic conditions, most fish species exhibit metabolic depression

and lose of behavioral function (Richards, 2010, 2011). The oxygen
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tension at which fish cannot maintain their body equilibrium (Ploe)

is one of the most reliable indicators for hypoxia tolerance in fish

species (Ekström et al., 2021). It has been suggested that the hypoxia

tolerance is largely determined by the oxygen uptake capacity

(Seibel et al., 2021). The reaction norm of hypoxia tolerance and

oxygen uptake capacity in response to environmental temperature

are shaped by long-tern evolution, potentially determining the fate

of field populations as aquatic habitats now experience dramatic

fluctuations in temperature and oxygen tension.

Swimming performance is vital for fish due to its role in

foraging, escaping and other routine activities (Becker and

Genoway, 1979; Fu et al., 2022; Cai et al., 2023). Similarly,

ingestion hence digestion is also an important physiological

activity that provide the nutrients and energy necessary for

survival. Energy metabolism, a key physiological characteristic of

fish activity, characterizes the rate at which an animal can acquire

food resources from the environment and convert them into

energetic compounds for carrying out its routine activities. This

process is affected by abiotic factors, such as temperature. The

minimum level of energy metabolism required to maintain the most

basic physiological activities of fish is referred to as the standard

metabolic rate (SMR), below which normal physiological

functioning of fish is impaired. On the contrary, maximum

metabolic rate (MMR), i.e., the metabolic ceiling for fish species

has been suggested can elicited by locomotion, either alone or

combined with other physiology activities (Fu et al., 2022). Thus, a

fish’s swimming ability would be highly correlated with its MMR.

Similarly, the metabolic profile during digestion, termed as specific

dynamic action (SDA) has also been documented (Chabot et al.,

2016). It includes all the energy expenditures related to nutritional

metabolism, such as food digestion, absorption, transformation and

growth processes. The higher peak metabolic rate during SDA

(PMR) usually indicates higher digestion performance, which

ensure a fast digestion process either at inter- or inner-species

levels (Fu et al., 2022). Investigation of responses of swimming

performance and digestive function to acclimation temperature

among difference species have important implication in both

fisheries industry and species conservation.

Although the effects of temperature on fish physiology have

been widely studied, the extent to which thermal history and

contemporary habitat conditions (such as flow regime,

temperature, and oxygen dynamics) jointly shape the physiology

responses of fish still requires further investigation. Thus, the main

goals of the present study are to investigate the possible differences

in stress tolerance, and key physiological functions such as

locomotion and digestion, especially their reaction norm to

acclimation temperature among species with different thermal

histories and habitat conditions. To achieve our goals, we selected

two common tropical species, i.e., tilapia (Oreochromis niloticus)

and cichlid (Sciaenochromis fryeri); and two temperate species, i.e.,

qingbo (Spinibarbus sinesis) and goldfish (Carassius auratus). Both

tropical species are from Perciformes, whereas both temperate

species belong to Cypriniforms. Furthermore, both O. niloticus

and C. auratus inhabit small and stagnant waterbodies, while the

other two species preferred to open waterbody.
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2 Materials and methods

2.1 Acquisition and domestication of
experimental fish

All experimental fish were juveniles purchased from local farms.

Initially, fish were domesticated in a customized aquaculture system

(Shanghai Haisheng Biological Experimental Equipment Co., Ltd,

dimensions: L×W×H=45 cm×35 cm×30 cm, N = 18) for 14 days.

During domestication, the photoperiod was L:D = 13:11 h,

dissolved oxygen was near saturated (>7 mg O2/L), and the fish

were fed once daily at 10:00 a.m. with Tongwei fish puffed feed

(Tongwei, Chengdu, Sichuan Province, China, composed: 43.4% ±

0.9% protein, 8.9% ± 0.6% lipids, and 24.7% ± 1.1% carbohydrates).

Water temperature was maintained at 25 ± 0.5°C.
2.2 Experimental design

For each species, 55–63 individuals were divided into three

acclimation temperature groups, i.e., 20, 25, 30 °C. The water

temperature either increased or decreased to the target

temperature by 1 °C per day (Desforges et al., 2023). Then fish

were rearing at the respective temperature for four weeks under the
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same conditions as during domestication (except for the

temperature). After four - week temperature acclimation and

withholding of food for 24 h, 32–60 individuals were selected for

the experimental measurements of either stress tolerance or

physiological performances, as detailed in Figure 1.
2.3 Thermal tolerance measurement

Thermal tolerance was determined using the critical

temperature method (Becker and Genoway, 1979; Zhou et al.,

2019; Desforges et al., 2023). A group of six individuals with 24 h

fasting was transferred into the experimental device. The details of

the device were described previously (Zhang et al., 2024). Briefly,

the device was a wire mesh fence cell (L ×W ×H = 11.5 cm × 9.5 cm

× 15 cm), which was suspended in a 30 L tank, with a pump at the

bottom of the tank to circulate and mix the water body. The

experimental fish were allowed to be recovered for 1 h in the

device. After recovery, water temperature was either increased or

decreased at a constant rate of 0.3 °C/min using a chiller (1.5 P) or

an adjustable power heater (3000 W) (Desforges et al., 2023).

Continuous aeration ensured sufficient dissolved oxygen. The

water temperature was monitored by a precision thermometer.

The temperature at which the fish lost equilibrium for 10 s was
FIGURE 1

Diagram illustrating the experimental design.
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taken as the critical temperature (CTmax or CTmin); the temperature

at which opercular movements ceased for 10 s or the fish failed to

respond to tail stimulation was taken as the lethal temperature

(LTmax or LTmin) (Lutterschmidt and Hutchison, 1997; Desforges

et al., 2023; Zhang et al., 2024). Subsequently, the weight and length

of the experimental fish were measured (Supplementary Table 1).

The acclimation response rate (ARR), an important indicator of

the plasticity of thermal adaptation (Claussen, 1977; Yanar et al.,

2019), was calculated as follows (CTmax is used as an example):

ARR = DCTmax=DT

where DCTmax and DT are the differences between the critical

temperature and the acclimation temperature (°C) under different

acclimation temperature conditions, respectively.
2.4 Hypoxia tolerance measurement

Hypoxia tolerance was measured using an intermittent

respirometer as described previously (Chen et al., 2019). Prior to

the measurement, fish were allowed a 1 - h recovery period in

chambers (volume = 0.59 L) with continuous water exchange via an

external circulating pump to ensure sufficient oxygen. During

measurements, the external circulating pump was switched off

while the internal recirculating pump keeping running to mix the

water in the chamber. Thereafter, the oxygen tension in the

respiration chamber was measured using a dissolved oxygen

meter (Hash HQ 30d, Hash Inc., USA) and recorded at 2 min

interval until the oxygen tension at which the experimental fish lose

their body equilibrium (Ploe). Afterwards, the weight and length

were measured (Supplementary Table 1).

The oxygen uptake capacity was measured along with the Ploe,

the same as in the previous study (Huang et al., 2024), which was

calculated as follows:

Oxygen supply capacity = (DOk − DOk+1)� V=(m� t� PO2)

where DOk and DOk+1 are the dissolved oxygen values (mg

O2/L) at measurement times k and k+1, V(L) is the difference

between the respiratory chamber’s volume and the fish’s volume,

m is the weight of the experimental fish (kg), t is the time interval

between measurements (1/30 h, i.e., 2 min), and PO2 is the oxygen

tension at measurement time k+1. The mean of three highest

consecutive values (recorded at 2 - min intervals) was used as the

oxygen supply capacity, i.e. a (Seibel et al., 2021; Huang

et al., 2024).
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2.5 Measurement of SDA and SMR

The metabolism was measured by an intermittent respirometer,

which were fully described in Zhang et al. (2025). Briefly, The

system comprises 10 chambers and operates in two modes: water

exchange and metabolic assay. During the water exchange period,

the external circulating pump was activated to rapidly replace the

chamber water (>99% replacement in 2 min); during the metabolic

assay period, the external circulating pump was turned off while the

internal circulating pump keeping in operation to ensure the

homogeneity of the water inside the chamber. The respiratory

chamber was sealed off. During this period, the ambient oxygen

pressure in the closed chamber was measured every 20 s using a

multichannel dissolved oxygen meter (Oxy-10SMA, PreSens,

Germany) and stored via accompanying software. In this

experiment, two sizes of respiratory chambers (i.e. 0.325 L or

0.220 L) and both 8 - min and 12 - min metabolic assay period

were used depending on the metabolic rate and body size of

experimental fish. Metabolic rate (ṀO2) was calculated as follows:

_MO2 = (K − Ko)� V=m

where K and Ko are the rates of dissolved oxygen decrease per

unit time (mg O2 L
-1 h-1) in the experimental and blank chambers,

respectively. V is the difference between the total chamber volume

and the fish volume (L), and m is the weight of the experimental

fish (kg).

The specific dynamic action procedure was as follows: Fish

individuals were allowed to feed to apparent satiation in the rearing

tank for a period of 30 min (Meal size is presented in Table 1). Then

fish were transferred to the above - mentioned respirometer for

measurement of ṀO2 (one fish in each of 9 chambers, with one

empty chamber for bacterial oxygen consumption). The

measurement was started immediately after the fish were

transferred to the chamber and continued for 48 h. The first 24 h

were used to determine the feeding metabolism, i.e. SDA (with the

highest metabolic rate during this period taken as PMR). The last 24

h were used to determine the resting metabolic level (SMR), defined

as the average of the lowest 10% of data of all measurements.
2.6 Measurement of Ucat and MMR

Ucat was measured using a Blazka-type swimming tunnel, see

previous study for details (Wang et al., 2016). Briefly, after PMR

measurement, experimental fish were transferred to the tunnel and
TABLE 1 The meal size for measurement of specific dynamic action in four fish species.

Variable Temperature (°C) S. sinensis C. auratus O. niloticus S. fryeri

Meal size
(%weight)

20 0.55% 0.96% 2.25% 1.27%

25 1.60% 1.36% 3.75% 2.36%

30 2.57% 1.53% 4.50% 2.58%
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allowed to be recovered for 1 h at 5 cm s-1 velocity. Subsequently,

the water velocity was increased at an acceleration of approximately

10 cm per minute until the experimental fish exhausted and stayed

at the end of the tunnel for 15 s (the whole process was completed

within 10 min). The corresponding velocity was recorded as the

value of Ucat.

After the measurement of Ucat, the exhausted individual was

transferred to a closed metabolic respirometer for MMR

determination (Zhang et al., 2024). A circulating water pump in

the respiratory chamber ensured the water homogeneity. The

dissolved oxygen in the respiration chamber was measured using

a dissolved oxygen meter (Hash HQ 30d, Hash Inc., USA) at 10 s

interval for a period of 5 min (sufficient to capture the peak value

elicited by exhaustive exercise in fish). Then, the weight and length

of the experimental fish were recorded (Supplementary Table 2).

Dissolved oxygen level was linearly fitted to the measurement

time to obtain the slope S (mg O2 L-1 s-1). the bacterial oxygen

consumption in the tubes was measured before the first and after

the last measurement of each day, and the average slope was taken

as the slope value of bacterial oxygen consumption (So). The

formula was calculated as follows:

MMR = 3600� (S − So)� (V=m)

Where V is the volume of the respiratory chamber and

accessory circulatory system (L, excluding the volume of the

experimental fish), and m is the weight of the experimental fish (kg).
2.7 Statistical analysis

Data were analyzed by SPSS 25. The effects of species and

acclimation temperature on all variables related to thermal tolerance,

hypoxia tolerance,Ucat, MMR, SMR, and PMR were tested by two-way

multivariate analysis of covariance (MANCOVA), using either body

weight or body length (for Ucat only) as covariate. If significant, the

differences in variables among different acclimation temperatures or

species were further tested by LSD’s multiple comparison. Data are

expressed as the means ± standard errors (SEs). P < 0.05 was

considered statistically significant.
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3 Results

3.1 Thermal tolerance

Both species and acclimation temperature showed significant

effects on all four thermal tolerance variables (P < 0.001), and their

interaction effects were also significant (P < 0.001, specifically

LTmin: P = 0.011, Table 2).
3.1.1 CTmax

When acclimated at 20 °C, CTmax of O. niloticus was

significantly higher than C. auratus, then followed by S. fryeri and

then by S. sinensis. When acclimated at 25 °C, CTmax of O. niloticus

was significantly higher than C. auratus, then followed by S. fryeri

and S. sinensis. When acclimated at 30 °C, CTmax of O. niloticus was

significantly higher than that of C. auratus, whereas the latter was

significantly higher than those of S. fryeri and S. sinensis (P <

0.01, Figure 2A).

CTmax increased significantly with temperature, and there were

significant differences between either of two temperature groups

within each species (P < 0.001, Figure 2A).
3.1.2 LTmax

When acclimated at 20 °C, LTmax of O. niloticus was significantly

higher than C. auratus, then followed by S. fryeri and then by

S. sinensis. When acclimated at 25 °C and 30 °C, LTmax of O.

niloticus was significantly higher than C. auratus, then followed by S.

sinensis or S. fryeri, and then by the other species (P < 0.05, Figure 2B).

Similar to CTmax, LTmax increased significantly with temperature,

and there were significant differences between either of two

temperature groups within each species (P < 0.001, Figure 2B).
3.1.3 CTmin

In all three temperature groups, CTmin of S. fryeri was

significantly higher than O. niloticus, then followed by S. sinensis

and then by C. auratus (P < 0.01, Figure 2C).

CTmin increased significantly with temperature, and there were

significant differences between either of two temperature groups
TABLE 2 Two-way multivariate analysis of covariance (MANCOVA) of species and acclimation temperature on the variables of thermal tolerance.

Factors CTmax LTmax CTmin LTmin

Covariance (weight)
F1,122 = 2.581 F1,122 = 0.281 F1,124 = 0.493 F1,124 = 0.398

P=0.111 P=0.597 P=0.484 P=0.529

Species
F3,122 = 262.296 F3,122 = 320.614 F3,124 = 567.146 F3,124 = 665.094

P<0.001* P<0.001* P<0.001* P<0.001*

Temperature
F2,122 = 749.740 F2,122 = 801.866 F2,124 = 488.833 F2,124 = 228.808

P<0.001* P<0.001* P<0.001* P<0.001*

Species × Temperature
F6,122 = 9.013 F6,122 = 14.106 F6,124 = 28.626 F6,124 = 2.908

P<0.001* P<0.001* P<0.001* P=0.011*
* Significant at P<0.05.
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within each species (P < 0.001), except those between 20 and 25 °C

in S. fryeri (P = 0.177, Figure 2C).

3.1.4 LTmin

When acclimated at 20 °C, LTmin of S. fryeri was significantly

higher than O. niloticus, then followed by S. sinensis and then by C.

auratus. When acclimated at 25 and 30 °C, LTmin of S. fryeri and O.

niloticus were significantly higher than S. sinensis, whereas the latter

was significantly higher than C. auratus (P< 0.01, Figure 2D).

LTmin increased significantly with temperature, and there were

significant differences between either of two temperature groups

within each species (P < 0.001, specifically the difference of C.

auratus between 20 and 25 °C: P = 0.032, Figure 2D).

3.1.5 ARR
The ARR values varied profoundly (from 3.42% to 66.00%)

among species and temperature intervals (Table 3).
3.2 Hypoxia tolerance and oxygen uptake
capacity

3.2.1 Ploe

Ploe varied profoundly among species (P < 0.001, Table 4).

S. sinensis and S. fryeri exhibited significantly higher Ploe than those
Frontiers in Marine Science 06
of other two species in all three temperature acclimation groups.

Furthermore, Ploe of O. niloticus was significantly higher than

C. auratus when acclimated at 20 °C, whereas Ploe of S. fryeri was

significantly higher than S. sinensis when acclimated at 30 °C (P <

0.05, Figure 3A).

In S. sinensis, Ploe of 20 °C temperature acclimation group was

significantly higher than other two temperature groups (P = 0.009,

P = 0.007), whereas there was no significant difference among

different temperature groups in other three species (Figure 3A).

3.2.2 a
a varied significantly among species (P < 0.001, Table 4). Contrary

to Ploe, a of both S. sinensis and S. fryeri were significantly lower than

the other two species, except S. sinensis andO. niloticus at 20 °C. When

acclimated at 20 °C, a of C. auratus was significantly higher than O.

niloticus. When acclimated at 30 °C, a of S. sinensis was also

significantly higher than S. fryeri (P < 0.05, Figure 3B).

Furthermore, a increased with increased acclamation

temperature in all four species (P < 0.001, Table 4), and there

were significant differences between either of two temperature

groups within each species (P < 0.05), except for O. niloticus and

S. fryeri at high temperature range (i.e. between 25 and 30 °C)

and O. niloticus at lower temperature range (i.e., between 20 and

25 °C, Figure 3B).
FIGURE 2

Effect of temperature acclimation on the variables of thermal tolerance of four fish species (means ± S.E.). (A) CTmax, (B) LTmax, (C) CTmin, (D) LTmin.
Lowercase letters (a, b, c, d) indicate significant differences among species under 20 °C, 25 °C or 30 °C temperature condition (P < 0.05); The
specific P - values indicate significant differences between two temperatures within the same species (P < 0.05).
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3.3 Swimming performance and energy
metabolism

3.3.1 Ucat

Ucat varied significantly among species (P < 0.001, Table 5). C.

auratus showed significantly lower Ucat than other three species at

all acclimation temperature, except O. niloticus acclimated at 20 °C

(P < 0.05, Figure 4A).

Temperature acclimation showed significant effect on two

Perciformes (P = 0.009, Table 5). Ucat increased significantly with

temperature, and there were significant differences between 20 and

30 °C temperature groups in O. niloticus and S. fryeri (P = 0.003, P =

0.001, Figure 4A).
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3.3.2 MMR
MMR varied significantly among species (P < 0.001, Table 5).

When acclimated at 20 °C, MMR of C. auratus and S. fryeri were

significantly higher than O. niloticus. When acclimated at 25 °C,

MMR of S. sinensis and S. fryeri were significantly higher than

other two species. When acclimated at 30 °C, MMR of S. fryeri

was significantly higher than other three species, whereas

MMR of S. sinensis was also higher than that of C. auratus (P <

0.05, Figure 4B).

With increasing acclimation temperature, MMR of two

Perciformes increased significantly among whole temperature

range (P < 0.001, Table 5), there was significant difference

between either two temperature groups (P < 0.01). Furthermore,
TABLE 3 Acclimation response rate of thermal tolerance variables in four fish species at different temperature intervals.

Variables
Temperature

intervals

ARR

S. sinensis C. auratus O. niloticus S. fryeri

CTmax

20-25 55.17% 51.09% 50.33% 26.82%

25-30 24.33% 29.33% 33.06% 30.42%

20-30 39.75% 40.21% 41.69% 28.62%

LTmax

20-25 34.33% 37.18% 56.42% 26.98%

25-30 19.00% 32.33% 17.94% 29.42%

20-30 26.67% 34.76% 37.18% 28.20%

CTmin

20-25 44.17% 57.93% 39.78% 3.42%

25-30 47.83% 66.00% 20.67% 49.08%

20-30 46.00% 61.97% 30.22% 26.25%

LTmin

20-25 28.17% 11.60% 31.17% 15.25%

25-30 28.50% 41.33% 35.06% 30.58%

20-30 28.33% 26.47% 33.11% 22.92%
FIGURE 3

Effect of temperature acclimation on the variables of hypoxia tolerance and oxygen uptake capacity of four fish species (means ± S.E.). (A) Ploe, (B) a.
Lowercase letters (a, b, c) indicate significant differences among species under 20 °C, 25 °C or 30 °C temperature condition (P<0.05); The specific P
- values indicate significant differences between two temperatures within the same species (P<0.05).
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the MMR of S. sinensis acclimated at 20 °C was significantly lower

than those accl imated at 25 and 30 °C (P < 0.001,

Table 5, Figure 4B).

3.3.3 SMR
SMR varied significantly among species (P < 0.001, Table 5).

When acclimated at 20 °C, SMR of O. niloticus was significantly

higher than other three species. When acclimated at 25 °C, SMR of

O. niloticus was significantly higher than S. sinensis. When

acclimated at 30 °C, SMR of O. niloticus was significantly higher

than S. fryeri, whereas the later was significantly higher than S.

sinensis and C. auratus (P < 0.05, Figure 4C).

SMR increased with increased acclamation temperature in all

four species (P < 0.001, Table 5). In S. sinensis, SMR acclimated at

20 °C was significantly lower than fish acclimated at 30 °C (P =

0.006). In C. auratus, SMR acclimated at 20 °C was significantly

lower than fish acclimated at 25 and 30 °C (P = 0.001). In O.

niloticus, SMR acclimated at 20 and 25 °C were significantly lower

than fish acclimated at 30 °C (P < 0.001). In S. fryeri, there was

significant difference between either two temperature groups (P <

0.01, Figure 4C).

3.3.4 PMR
When acclimated at 20 °C, PMR of C. auratus was significantly

higher than O. niloticus. With the increase of acclimation

temperature, PMR of O. niloticus increased more profoundly than

other species (interaction effect: P < 0.001, Table 5). Thus, when
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acclimated at 30 °C, PMR of O. niloticus was significantly higher

than other three species (P < 0.05, Figure 4D).

PMR increased with increased acclamation temperature in all

three species except C. auratus (P < 0.001, Table 5; Figure 5). In S.

sinensis, PMR acclimated at 20 and 25 °C were significantly lower

than fish acclimated at 30 °C (P < 0.001). In O. niloticus, there was

significant difference between either two temperature groups (P <

0.001). In S. fryeri, PMR acclimated at 20 °C was significantly lower

than fish acclimated at 25 and 30 °C (P < 0.001, Figure 4D).
4 Discussion

4.1 Thermal tolerance

4.1.1 Inter-species difference
Heat tolerance of four fish species showed large inter-species

variation, but not related to thermal history. Previous studies have

found that inter-species differences in heat tolerance of fish species

are closely related to the flow regimes in their habitats (Zhang et al.,

2024). Generally, the heat tolerance of fish species in flowing water

habitats is lower than those in stagnant water habitats. As found in

this experiment, C. auratus and O. niloticus, which preferred to

small and stagnant waterbody habitat, are frequently exposed to

extreme high temperatures in their daily survival activities and thus

develop stronger heat tolerance. In contrast, S. sinensis and S. fryeri,

which preferred to open waterbody, are less exposed to extreme
TABLE 5 Two-way multivariate analysis of covariance (MANCOVA) of species and acclimation temperature on the variables of swimming performance
and energy metabolism.

Factors Ucat MMR SMR PMR

Covariance
(length\weight)

F1,94 = 25.827 F1,94 = 9.367 F1,94 = 14.317 F1,94 = 0.308

P<0.001* P=0.003* P<0.001* P=0.580

Species
F3,94 = 33.794 F3,94 = 18.948 F3,94 = 27.481 F3,94 = 0.842

P<0.001* P<0.001* P<0.001* P=0.472

Temperature
F2,94 = 5.012 F2,94 = 55.582 F2,94 = 43.052 F2,94 = 50.776

P=0.009* P<0.001* P<0.001* P<0.001*

Species × Temperature
F6,94 = 3.189 F6,94 = 4.956 F6,94 = 5.525 F6,94 = 8.656

P=0.007* P<0.001* P<0.001* P<0.001*
* Significant at P<0.05.
TABLE 4 Two-way multivariate analysis of covariance (MANCOVA) of species and acclimation temperature on the variables of hypoxia tolerance and
oxygen uptake capacity.

Factors
Covariance
(weight)

Species Temperature Species × Temperature

Ploe
F1,106 = 5.041 F3,106 = 57.923 F2,106 = 0.451 F6,106 = 2.243

P=0.027* P<0.001* P=0.639 P=0.046*

a
F1,106 = 10.347 F3,106 = 24.806 F2,106 = 37.397 F6,106 = 2.185

P=0.002* P<0.001* P<0.001* P=0.051
* Significant at P<0.05
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high temperatures, and thus exhibit weaker heat tolerance than the

former two species.

Conversely, cold tolerance of four fish species was significantly

influenced by thermal history. The tropical fishes O. niloticus and

S. fryeri were the least tolerant to low temperatures, followed by

the warm-temperate fish S. sinensis, and finally by the broad-

temperate widespread fish C. auratus. This agrees with the

recently studies suggesting that phylogeny can explain variation

in CTmin among different species of ectotherms, and orders

originating from cold thermal history exhibiting better cold

tolerance than those from warm regions (Leiva et al., 2019;

Bennett et al., 2021; Nati et al., 2021). Consequently, the

geographical range of fish is also an important factor in the

variation of thermal tolerance of fish (Nozzi and Stelzer, 2021;

van der Walt et al., 2021), with tropical species generally having

lower cold tolerance than temperate ones.

4.1.2 Temperature acclimation effect
Thermal tolerance of all four fish species increased in parallel

with increased acclimation temperature, indicating that thermal

tolerance of fish species (as aquatic ectotherm) is highly sensitive to

temperature acclimation. A meta-analysis also found that changes

in thermal tolerance of fish depend not on climatic origin but on
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experimental acclimation temperature, duration, and life stage

(Ruthsatz et al., 2024). Higher acclimation temperatures and

longer domestication durations will result in greater thermal

tolerance capacity to survival (Ruthsatz et al., 2024).
4.2 Hypoxia tolerance and oxygen uptake
capacity

4.2.1 Inter-species difference
C. auratus and O. niloticus. inhabiting small and stagnant

waterbody have evolved better hypoxia tolerance, which is related

to the high frequency of hypoxia events in their habitats. At the

same time, they also evolved better oxygen supply capacity to cope

with high-frequency hypoxia stress. Oxygen supply capacity, as a

temperature-sensitive specificity constant, reflects the efficiency of

oxygen uptake and cascade transport (Timpe and Seibel, 2024). It

has been shown that the higher oxygen supply capacity, the higher

tolerance to hypoxia (Huang et al., 2024). The present study

corroborates previous studies, as two species from small and

stagnant waterbody habitat showed higher a and lower Ploe
compared to other two species usually occupy the open

waterbodies habitat.
FIGURE 4

Effect of temperature acclimation on the variables of swimming performance and energy metabolism of four fish species (means ± S.E.). (A) Ucat,
(B) MMR, (C) SMR, (D) PMR. Lowercase letters (a, b, c) indicate significant differences among species under 20 °C, 25 °C or 30 °C temperature
condition (P<0.05); The specific P - values indicate significant differences between two temperatures within the same species (P<0.05).
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4.2.2 Temperature acclimation effect
Unlike the thermal tolerance, Ploe of four fish species is not

significant different among three temperatures, suggesting that

hypoxia tolerance is not sensitive to temperature acclimation. The

aquatic environment condition such as oxygen tension in

freshwater habitats often fluctuates dramatically due to its high

susceptibility to climate and human social activities (González Vilas

et al., 2015; Burbank et al., 2022; Tims and Saupe, 2023). Thus,

hypoxia tolerance of freshwater fishes is vital for their survival in

nature habitats and quite conservative across acclimation

temperature range, helping them to adapt to the complex oxygen

and thermal environments in the nature (Huang et al., 2024; Zhang

et al., 2024). These findings align well with the experimental

evidence reported by Chen et al., demonstrating that hypoxia

tolerance in most freshwater fish species remains largely

unaffected by thermal acclimation conditions within their optimal

thermal range (He et al., 2015; Chen et al., 2019; Zhou et al., 2019).

However, the hypoxia tolerance of S. sinensis acclimate at 25 and 30

°C, was significantly higher than 20 °C. This may be related to the

relaxed nature selection pressure as S. sinensis lives in open

waterbody with abundant oxygen availability (Xu et al., 2021; Fu

et al., 2022). Additionally, the improved oxygen supply capacity

evolved to meet the increased energy and oxygen requirements with

increased acclimation temperature, consequently resulted in higher

hypoxia tolerance as by-product (Esbaugh et al., 2021).
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4.3 Swimming performance and energy
metabolism

4.3.1 Inter-species difference
As anticipated, S. sinensis and S. fryeri in open waterbody showed

relatively higher Ucat andMMR (not at 20 °C) than other two species.

It is because that higher demanding for swimming performance for

fish occupies the open waterbody habitat, thus ensure the success of

highly ecological related activities such as foraging and avoiding

predators; whereas in small and stagnant waterbody habitat, the high

availability of shelters and complicate structure with obstacles favor

the evolution of a rapid response and high maneuverability for

locomotion (Yan et al., 2013; Fu et al., 2022).

4.3.2 Temperature acclimation effect
The Ucat, MMR, SMR and PMR of two tropical fishes O. niloticus

and S. fryeri were more sensitive to temperature acclimation

compared to two other temperate fishes. Among the two temperate

fishes, one eury-thermal species C. auratus was the least sensitive to

temperature acclimation. This difference may be related to variations

in the thermoneutral zone or optimal temperature zone of fish

physiological functions, as described by the thermal performance

curve (TPC, Scheuffele et al., 2021). The TPC is a product not only of

the current environment but also of history environments (Xie et al.,

2010; Ferreira et al., 2014; Pang et al., 2016; Kellermann et al., 2019).
FIGURE 5

Profiles of ṀO2 with time for four fish species during the measurement of specific dynamic action in the present study. (A) S. sinesis, (B) C. auratus,
(C) O. niloticus, (D) S. fryeri. These data are from all the experiment individuals and the sample size is shown in Supplementary Table 2.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1593656
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang et al. 10.3389/fmars.2025.1593656
Generally, the thermoneutral zone of tropic species is higher than that

of temperate species (Xu et al., 2012). In the present study, the

temperature range of 20 to 30 °C might be the thermoneutral zone of

two temperate species. Thus, two tropical fishes O. niloticus and S.

fryeri were more sensitive to the change of acclimation temperature.

Furthermore, phylogeny might also contribute to the difference, as

both tropical species belong to perciform, while the other two

temperate species are cypriniforms. The previous findings that the

reaction norms of physiological function to environment conditions

are phylogenetically linked (Huang et al., 2024).

Interestingly, S. sinensis showed neglectable improvement in

PMR but a significant increase in MMR within the 20 - 25°C

acclimate temperature range, whereas it was vice versa within the 25

- 30°C. This suggests that, at 20 - 25°C, S. sinensis allocated energy

mainly to physiological function such as swimming, whereas at

higher temperature range, its energy allocation might shift more

towards digestion and growth. It was confirmed by a profound

increase in meal size between 25 and 30°C in S. sinensis, compared

to other species with the same temperature range or conspecies

responses between 20 and 25°C (Table 1). The underlying

physiological mechanism and ecological consequence need further

investigation. It might due to the adaptive evolution to both annual

temperature change in the natural habitats and characteristic of life

cycle of this species (Polverino et al., 2018).

Overall, the present study suggests that the differences of stress

tolerance and other physiological function, as well as their

sensitivity to acclimation temperature, are shaped by both

thermal history and habitat conditions. The adaptive evolution of

fish in response to environmental temperature fluctuations is vital

for the survival in their natural habitats. Understanding the reaction

norms, underlying mechanisms, and ecological relevance provides

important references for the conservation of fish species and the

advancement of aquaculture technology.
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