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A B S T R A C T

We evaluated the hypoxia tolerance capacities of fish in response to a range of temperatures which they often
experience in aquaculture. We selected six cyprinids in the Yangtze River that were closely related in their
phylogeny and widely used in the Chinese aquaculture industry as experimental animals: juvenile qing bo
Spinibarbus sinensis, Chinese bream Parabramis pekinensis, grass carp Ctenopharyngodon idellus, big head carp
Aristichthys nobilis, silver carp Hypophthalmichthys molitrix and common carp Cyprinus carpiovar Jian. We mea-
sured individual metabolic rate (ṀO2) and calculated the routine metabolic rate (RMR), Q10 and critical oxygen
tension (Pcrit) after two weeks of acclimation at either 10, 15, 20, 25 or 30 °C. Gill morphology was also ex-
amined. A variety of Pcrit responses was observed: the Pcrit increased (qing bo), decreased (Chinese bream and
grass carp) or was conserved (big head carp, silver carp and common carp) with increasing acclimation tem-
peratures (10 - 30 °C). Apparent thermal-induced gill remodeling was found in three (grass carp, big head carp
and silver carp) of the six cyprinids studied, with common carp also exhibiting some degree of gill structure
modification. RMR was positively correlated with Pcrit at temperatures ranging from 10 to 30 °C in qing bo and
big head carp; however, such significant correlation was not found in the remaining cyprinids, possibly due to
their gill remodeling potential during thermal changes and thus an increased lamellar surface area at higher
temperatures.

1. Introduction

Temperature is one of the most important environmental factors
influencing metabolism in ectotherms (Clarke and Johnston, 1999).
Fish's metabolic rate and its oxygen demand increase with elevated
ambient temperature, while in contrast, the environmental oxygen
supply decreases (lower dissolved oxygen in waterbody). Hypoxia is
normally associated with high temperatures in water bodies (due to
decreased oxygen solubility accompanied with increased biological
respiration and organic decay), which could result in compromised
digestive function (Chen et al., 2014), growth potential (Pichavant
et al., 2000) and even mortality in fish (Jeppesen et al., 2016; Pollock
et al., 2007). Global warming, industrial and agricultural activities have
further aggravated hypoxic conditions in aquatic environments in the
last few decades (Somero, 2011; Zhang et al., 2010a). Thus, hypoxia
tolerance is a key trait that allows fish to survive and thrive in an en-
vironment where ambient oxygen levels may fluctuate drastically, and

our understanding of the nature of hypoxia tolerance affected by am-
bient temperature in aquatic species is essential for aquaculture and
fisheries research and practice. Cyprinids that can cope with a wide
range of temperature and environmental variables have been the pre-
dominant choice of fish species for aquaculture in the East and South-
east Asia for centuries (Naylor et al., 2000; Penman et al., 2005).
However, more frequent extreme summer heat conditions drastically
increase risks to fish species in the aquaculture industry (Sun et al.,
2014). Hence, the goal of this study was to investigate the thermal
dependent hypoxia tolerance capacity in a group of cyprinids that are
widely used in aquaculture in temperate and sub-tropical zones
(10–30 °C).

Fish can exhibit various behavioral and physiological responses to
hypoxia, which allow many of them to maintain oxygen uptake and
aerobic metabolism across a wide range of ambient oxygen partial
pressures (PO2) (Chapman and McKenzie, 2009; Perry et al., 2009;
Richards, 2009). When oxygen levels decrease to a threshold below
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which oxygen uptake can no longer be maintained, fish's metabolic rate
(ṀO2) decline proportionally with the decreasing ambient PO2. Then
the fish's capacity of maintaining metabolic homeostasis under limited
oxygen supply is achieved primarily through anaerobic metabolism and
metabolic depression. Though these two mechanisms dictate most of
the fish's hypoxia tolerant capacity, neither of them is sustainable.
Hence, the threshold is referred to as the critical oxygen tension (Pcrit),
when oxygen uptake transits from independent to dependent of the
environmental oxygen tension (Pörtner and Grieshaber, 1993). This
critical point infers the animal's capacity to take up oxygen and has long
been widely accepted as a reliable indicator of the hypoxia tolerance of
fish (Barnes et al., 2011; Mandic et al., 2009; Rogers et al., 2016; Ultsch
et al., 1978; Zhang et al., 2010b). Fish with lower Pcrit values are
considered more hypoxia-tolerant (Chapman et al., 2002). Empirical
studies suggest that the routine metabolic rate (RMR), which is an index
of the oxygen demand and resting energy requirements of an organism,
mass-specific gill surface area, and blood Hb-O2 affinity are considered
important determinants of Pcrit (Mandic et al., 2009; Richards, 2011).
Within species, higher RMR is generally associated with an increase in
temperature, which is normally accompanied by an elevated Pcrit in fish
(Barrionuevo and Burggren, 1999; Collins et al., 2013; Schurmann and
Steffensen, 1997; Sorensen et al., 2014). Moreover, studies in Atlantic
salmon, Salmo salar found a positive correlation between temperature-
dependent ṀO2 and Pcrit with increasing temperature (Barnes et al.,
2011; Remen et al., 2013). However, across species the relationship
between temperature and Pcrit varies due to the species-specific thermal
sensitivity in fish (Rogers et al., 2016; Ultsch et al., 1978). Cyprinids
that distribute widely in different types of habitat show drastic differ-
ences in thermal tolerance, thermal-dependent metabolism and phy-
siological performance (Fu et al., 2014; He et al., 2015; Pang et al.,
2011), as well as hypoxia tolerance capabilities (Dhillon et al., 2013).
Furthermore, fish in their juvenile stage are more vulnerable (e.g.
higher mass-specific metabolism or underdeveloped physiological
functions) to environmental stress such as hypoxia (Barrionuevo and
Burggren, 1999; Barrionuevo et al., 2010). Thus, our first objective was
to explore the hypoxia tolerance capacity (Pcrit) and relationship be-
tween thermal-dependent RMR and Pcrit in six juvenile cyprinids at a
wide range of temperatures.

The gill is the primary site for aquatic respiration in fish (Evans
et al., 2005). When encountering increased oxygen demand or in-
sufficient oxygen supply, fish are known to actively elevate their
oxygen uptake capacity in their gills via many physiological measures
(Timmerman and Chapman, 2004), such as adjustment of the gill per-
fusion, ventilation volume and frequency. Apart from these general
regulations, empirical studies have found that several fish exhibit
morphological modifications to their gills in response to changes in
ambient temperature, oxygen level, or exercise (Brauner et al., 2011;
Dabruzzi and Bennett, 2014; Mitrovic et al., 2009; Ong et al., 2007;
Sollid and Nilsson, 2006). These fish could increase or decrease their
gill surface area and O2 diffusing distance through gill structure change,
thus altering oxygen uptake capacity and energy expenditure to meet
their ongoing metabolic demand. So far, most of the reversible gill
structure changes have been found in cyprinids (Dhillon et al., 2013;
Matey et al., 2008; Tzaneva et al., 2011). For instance, when Crucian
carp, Carassius carassius, were kept in normoxic conditions at 8 °C, the
lamellae were filled with a large interlamellar cell mass (ILCM), re-
sulting in a sausage-shaped appearance which transformed to “normal”
gills with protruding lamellae under hypoxia (Sollid et al., 2003). The
receding of ILCM was the result of apoptosis and cell cycle arrest pro-
cesses which led to a greatly increased total gill surface area within
days. Such increase in gill surface area could significantly improve
oxygen uptake capacity, thus greatly enhancing crucian carp's ability to
sustain aerobic metabolism under hypoxic conditions and improve its
survival (Matey et al., 2008). This transformation is reversible, and the
sausage-shaped lamellae can be reestablished under normoxic condi-
tions at the same temperature (Sollid et al., 2003). The process of ILCM

growth or removal has been termed gill remodeling. Though hypoxia
induced gill remodeling has been found in some cyprinid species
(Dhillon et al., 2013), whether such trait is possessed by cyprinids in
response to thermal acclimation remains unknown. The relationship
between the capacity of gill remodeling and fish hypoxia tolerance (e.g.
Pcrit) also remains unclear. Previous studies pointed out that mass-
specific gill surface area was one of the key determinants of Pcrit, and
fish with larger gills normally had lower Pcrit (Mandic et al., 2009;
Richards, 2011). Nevertheless, the potential involvement of gill re-
modeling was not investigated in their works. Thus, the second objec-
tive of our study was to investigate whether gill remodeling capacity in
response to thermal change is shared among these six cyprinids and to
explore the possible relationship between gill remodeling and hypoxia
tolerance.

In this study, we selected six cyprinids in the upper Yangtze River
that were closely related in their phylogeny and widely used in the
aquaculture industry as experimental animals: juvenile fish of qing bo
Spinibarbus sinensis, Chinese bream Parabramis pekinensis, grass carp
Ctenopharyngodon idellus, big head carp Aristichthys nobilis, silver carp
Hypophthalmichthys molitrix and common carp Cyprinus carpiovar Jian
(Fig. S1). We measured ṀO2 and calculated the RMR, Q10 and Pcrit of
fish acclimated to 10, 15, 20, 25 and 30 °C. Then, we examined the gill
morphology. Compared with our previous study on hypoxia induced
gill remodeling (Dhillon et al., 2013), this work represents the first
comparative analysis of thermal dependent hypoxia tolerance and
thermal acclimation induced gill remodeling in closely related species
of cyprinid.

2. Material and methods

2.1. Fish acquisition and holding

All of the juvenile cyprinids: S. sinensis (6.4–11.9 g, n=49), P. pe-
kinensis (6.6–11.1 g, n=50), C. idellus (7.6–14.6 g, n=48), A. nobilis
(5.9–13.6 g, n=49), H. molitrix (6.0–11.0 g, n=48) and C. carpiovar
Jian (6.7–13.2 g, n=46) were purchased from a fish farm at the
Southwest University School of Continuing Education (Hechuan,
Chongqing, PR China). The fish were transported to Chongqing Normal
University and held in an outdoor concrete-bottom tank (diameter:
3.5 m, depth: 1 m) for three days of temporary rearing, then they were
transferred to indoor aquaria for further acclimation. Each species was
housed in a 250-L re-circulating system filled with dechlorinated, well-
aerated Chongqing tap water. The re-circulating system was fitted with
mechanical and biological filters and ultraviolet sterilizers.
Temperature regulation was based on ambient room temperature
(20 ± 1 °C). The photoperiod was 12 L:12 D. One tenth of the water in
each tank was replaced daily with freshwater to maintain good water
quality. All fish were allowed to recover for at least two weeks before
temperature acclimation. Throughout the experimental period, fish
were fed twice daily to satiation with commercial food until 24 h before
the experimental trials. All procedures were conducted in compliance
with the national animal care and ethic regulations.

2.2. Temperature acclimation

After a two-week recovery period, healthy fish of each species,
matched roughly by size (initial fish weights were not measured), were
selected as experimental animals. Fish of each species were randomly
assigned to five treatment groups (10, 15, 20, 25 and 30 °C), and held
separately in 250-L re-circulating tanks at a density of approximately 60
fish per tank. Water temperature was gradually increased or decreased
to the target temperature (initial water temperature was around 15 °C)
by two-centigrade steps each day, then held at the target temperature
for at least two weeks before respirometry experiments. We conducted
the thermal acclimation on one species per test batch. Within the batch,
testing sequence was 15 °C, 10 or 20 °C (depending on which group
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went through thermal acclimation first), 25 °C and 30 °C, so that all
groups received a similar thermal acclimation period of greater than
two but less than three weeks. The rearing conditions in each tank were
kept identical for each species.

2.3. Respirometry (ṀO2 and Pcrit)

In the past few years, there were increasing debates on whether
closed or intermittent-flow respirometry should be used to most accu-
rately determine RMR and Pcrit in fishes. Though the accumulation of
ammonia and CO2 and a faster oxygen decline rate were considered
disadvantages of closed respirometry (Chabot et al., 2016; Clark et al.,
2013; Snyder et al., 2016), a recent study on a related cyprinid showed
that there were no significant differences in either RMR or Pcrit between
the data obtained using closed or intermittent-flow respirometry
(Regan and Richards, 2017). Furthermore, a longer ṀO2 monitoring
period with slower oxygen decline rate would compromise Pcrit estimate
by greater background fluctuation of dissolved O2 (i.e., bacteria re-
spiration); or enabling the test organism to alter plastic phenotypes
associated with changes in O2 uptake (Regan and Richards, 2017).

As such, we selected closed respirometry to determine ṀO2 and Pcrit
of individual fish in this study (Fig. 1), and by using adjustable re-
spirometry chambers (190- to 740-mL) which were made of polymethyl
methacrylate (PMMA), we were able to complete the Pcrit trial of any
test individual within 90–180min.

Before each Pcrit trial, the focal fish was introduced into a darkened
respirometry chamber for at least 24 h acclimation. During this period,
the respirometer was submerged in a thermal-controlled water bath
with water temperature maintained in accordance to the acclimation
temperature of the test individual. Each respirometry chamber was
unsealed on one end and supplied with low velocity flow-through water
at the selected acclimation temperature using an attached circulating
water pump. At the beginning of each trial, the respirometers were
sealed, and an oxygen probe (HQ20, Hach Company, Loveland,
Colorado, USA) was inserted into each chamber and air-tight sealed.
Continuous dissolved oxygen and water temperature readings were
obtained at 3-min intervals. The oxygen tension was monitored until
the fish showed signs of distress or until the partial pressure of O2 fell
below 5 Torr. If the fish failed to remain calm during the entire trial, the
experiment would be discarded (Fu et al., 2011). At the end of each
trial, the fish was immediately euthanized using a neutralized overdose
of Tricaine methanesulfonate (MS-222), and the weight and length
were recorded (Table S1) (Chen et al., 2010). The respirometry cham-
bers were cleaned and sterilized using ethanol between each trial.
During the habituation period of the 20 °C group of silver carp (H.

molitrix), a water cooling apparatus malfunctioned and caused tem-
perature fluctuation in the water bath, hence the ṀO2 and Pcrit data
from this group were scrapped.

ṀO2 (μmol−1g−1h−1) was calculated over sequential 3-min periods
using the formula below:

= − ×
×
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where [O2]k refers to the oxygen concentration (μmol L−1) at sampling
time point k, [O2]k+1 is the concentration at the next adjacent time
point (these values were calculated according to the O2 solubility
coefficient in water under corresponding temperature and pressure),
VOL (L) is the total volume of the respirometer minus the volume of the
fish, t (h) is the interval between points k and k+1, and m (g) is the
body mass of the fish. ṀO2 is the mass-specific oxygen consumption
rate at time point k+ 1 (Zhang et al., 2010b).

The effect of temperature on the ṀO2 (Q10) was calculated using the
following formula:
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where R1 and R2 are the oxygen consumption rates at temperatures T1

and T2, respectively.
The ṀO2 values were plotted against the water PO2 for each 3-min

interval. The point at which the ṀO2 transitions from being in-
dependent to dependent on environmental O2 was considered to be the
Pcrit. The estimate of Pcrit followed the concept derived from Yeager and
Ultsch (1989), but with modifications adopted from Mcbryan et al.
(2016) and Claireaux and Chabot (2016). In brief, we established the
routineṀO2 (RMR) for each individual using the slope of the shallowest
portion of the dissolved oxygen trace at PO2> 8 kPa (60.8 Torr) where
that slope was maintained for at least two 3-min intervals. Then we
defined a horizontal line with y-intercept at this RMR and determined
its intersection (Pcrit) using the equation for the linear regression
through the calculated ṀO2 that were> 12% below the calculted RMR.
The 12% threshold was selected in accordance with the suggestion in
the abovementioned literatures.

2.4. Tissue sampling and SEM procedure

We randomly selected three fish from each temperature group apart
from the ṀO2 determination individuals for gill morphology examina-
tion using scanning electron microscopy.

The fish were captured directly from the acclimation tanks and
immediately euthanized using a neutralized overdose of Tricaine me-
thane sulfonate (MS-222), and the weight and length were recorded.
The second gill arch from the right side of each fish was dissected out
and quickly rinsed in Burnstock buffer, carefully dabbed dry, and im-
mediately fixed in ice-cold 0.1M glutaraldehyde fixative (in phosphate
buffer). The fixed gills were stored at 4 °C and transported to Northwest
Agriculture and Forestry University (NAFU), Shaanxi, China for SEM
examination.

The middle part of each fixed gill arch (≈5mm long) bearing up to
20 filaments in both the anterior and posterior rows was used for
scanning electron microscopy. All fixed gill tissue was rinsed in phos-
phate buffered saline (PBS) for 1 h and then dehydrated in ascending
concentrations of ethanol from 30% to 100%. The specimens were
critical point dried with liquid CO2 (HCP-2 critical point dryer,
HITACHI Company, Tokyo, Japan), mounted on stubs, sputter-coated
with gold‑palladium (JFC-1600 auto fine coater, JEOL Company,
Tokyo, Japan), and examined with a scanning electron microscope
(JSM-6360LV, JEOL Company, Tokyo, Japan) at the accelerating vol-
tage 15 kV. For details see (Dhillon et al., 2013). Due to the limited
sample size, no quantitative measurements were attempted on the SEM
images. Though we found similar changes in gill structure

Fig. 1. Schematic sealed fish ṀO2 respirometer (A. Pump; B. Respiration
chamber; C. Oxygen probe; D. Oxygen meter; E. Outlet; F. Inlet; G. Bathing
tank; H. Pump; I. Temperature control and water processing system).
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characteristics in each species of same temperature group among the
tested fish, some photos were not taken from the angle to best dis-
playing gill structure. Hence, we selected the clearest and best depict of
the obtained photos as representative gill structure image (Fig. 5 a–c).
Gill samples from the 25 °C group of silver carp (H. molitrix) were ac-
cidentally over dried, thus SEM images from this group were omitted.

2.5. Statistical analyses

SPSS Statistics 17.0 and Excel (2003) were used for data analysis.
All data are expressed as mean values± Standard error of mean (S. E).
The effects of temperature on ṀO2 and Pcrit were determined using a
One-way analysis of variance (ANOVA). The ANOVA was followed by a
Duncan's test to identify means that are significantly different.
Regression analysis was used to determine the relationship between
RMR and Pcrit. All differences were considered significant at p < .05.

3. Results

The RMR increased significantly with elevated rearing temperatures
in all six cyprinids, but the pattern of RMR increase varied among
species (Fig. 2). By comparing the RMR and Q10 data, we found that
qing bo, Chinese bream and grass carp had the sharpest increase in
RMR when the temperature increased from 15 to 20 °C; a similarly
drastic RMR increase was observed in big head carp, silver carp and
common carp when the temperature increased from 10 to 15 °C
(Table 1, Fig. 2). Although some species shared similar patterns of
elevation in RMR, the rate of increase varied. We also found that the
zone where RMR became temperature independent differed among the
species tested (Table 1): the temperature independent zone was 20 -
25 °C in qing bo, grass carp, big head carp and common carp, while
Chinese bream was sensitive to acclimating temperature with its lowest
Q10 value at 25–30 °C (Q10= 1.49).

The Pcrit response to thermal acclimation revealed three general
patterns among the six cyprinids as temperature increased from 10 to
30 °C (Fig. 3): 1) an increase from 14.70 to 21.91 Torr in qing bo
(p < .001); 2) a decrease from 22.85 to 16.06 Torr and 21.29 to
14.40 Torr in Chinese bream (p= .007) and grass carp, respectively
(p= .019); 3) and unchanged in big head carp, silver carp and common
carp (p > .05).

The relationship between RMR and Pcrit also varied among species.
We found a positive correlation between RMR and Pcrit in qing bo
(rP= 0.79, p < .001) and big head carp (rP= 0.42, p= .013). RMR
was not correlated with Pcrit in the other cyprinids (Fig. 4a–f).

Temperature-induced gill remodeling was apparent in three of the
six cyprinids tested. We found that the gill structure of grass carp, big

head carp and silver carp transformed from a sausage-like morphology
to a “normal” gill structure with protruding lamellae during thermal
elevations. Noteworthy was that the gill ILCM of common carp shrank
with increased temperature, however, the extent of gill remodeling was
not as obvious as in the grass carp, big head carp and silver carp.
Temperature induced gill remodeling was not apparent in qing bo and
Chinese bream (Fig. 5a–c).

4. Discussion

Aquaculture production can experience drastic hypoxia conditions
due to many factors such as thermal fluctuation, stocking density,
feeding and organic decay in the water system (Diaz and Breitburg,
2009; Johansson et al., 2006). In outdoor productions, such as pond or
cage culture, temperature is far more difficult to control than any other
factors (Johansson et al., 2007; Lamoureux et al., 2006); and extreme
weather induced temperature increases and hypoxia have further ag-
gravated the risk on fish survival. Hence, it is important to understand
the thermal physiology of hypoxia tolerance in aquaculture species. To
our knowledge, this is the first study to examine the hypoxia tolerance
capacity in a cluster of closely related cyprinids in a wide range of
environmental temperatures.

Pcrit, is considered an important indicator of hypoxia tolerance in
fish (Nilsson and Ostlundnilsson, 2008). Fish with lower Pcrit values are
considered more hypoxia-tolerant (Chapman et al., 2002). Pcrit values
vary widely across species even within similar temperatures range,
however due to different experimental setups among studies, we could
only compare our data to those reference Pcrit values derived from the
studies shared similar exposure temperature ranges (10–30 °C). For
instance, Pcrit was reported as 14.0 Torr (0.9 mg O2 L−1) in twister
Bellapiscis medius and 32.6 Torr (2.1 mg O2 L−1) in mottled twister B.
lesleyae at 15 °C (Hilton et al., 2008); 27 Torr at 20 °C in rainbow trout,
Oncorhynchus mykiss (Walbaum) (Ott et al., 1980); 24.5 Torr (1.3 mg O2

L−1) at 25 °C in southern catfish, Silurus meridionalis Chen (Zhang et al.,
2010b) and 39.0 Torr (1.9 mg O2 L−1) at 30 °C in largemouth bass,

Fig. 2. The effect of temperature on RMR (μmol g−1 h−1) in 6 carps
(Mean ± SE). a, b, c, d: RMR values in each species without a common super-
script are significantly different among temperature groups (p < .05).

Table 1
The effect of temperature on Q10 of RMR (μmol g−1 h−1) in six carps.

Temperature zone 10–15 °C 15–20 °C 20–25 °C 25–30 °C

Qing bo 2.26 3.26 1.22 1.59
Chinese bream 1.61 1.91 1.66 1.49
Grass carp 1.39 2.74 1.11 1.43
Big head carp 3.00 2.78 1.15 2.17
Silver carp 3.14 N/A N/A 1.00
Common carp 2.69 1.83 1.20 1.36

Fig. 3. The effect of temperature on Pcrit (torr) in six carps (Mean ± SE). a, b, c,
d: Pcrit values in each species without a common superscript are significantly
different among temperature groups (p < .05).
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Micropterus salmoides (Yamanaka et al., 2007). Our results showed that
the Pcrit values of the six juvenile cyprinids ranged from 10.38 to
29.2 Torr at temperatures ranging from 10 to 30 °C (Fig. 3) and were
generally lower than those in other species at similar temperatures.
Furthermore, juvenile fish are considered less hypoxia-tolerant with
higher Pcrit than adults, largely because juveniles still have less than
fully developed organs and cardio-respiratory regulating system
(Barrionuevo and Burggren, 1999; Barrionuevo et al., 2010). Another

possible and non-exclusive explanation could be that smaller fish nor-
mally possess higher mass-specific metabolism and energy expenditure
(Nilsson and Ostlundnilsson, 2008; Speakman, 2005). In this study, the
relatively lower Pcrit values of juvenile carps indicated remarkable hy-
poxia tolerant capacity.

As ectotherms, the oxygen demand in fish elevated in a roughly
exponential manner with rising temperature (Table 1, Fig. 2; also see
(Barnes et al., 2011)). In addition, the thermal dependent oxygen

Fig. 4. The relationship between the RMR (μmol g−1 h−1) and the Pcrit (torr) in individual carps: A. qing bo; B. Chinese bream; C. grass carp; D. big head carp; E.
silver carp; F. common carp.
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Fig. 5. The effect of temperature on gill morphology in juvenile carps. Scale bars, 50 μm. A. qing bo and Chinese bream; B. grass carp and big head carp; C. silver carp
and common carp.
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solubility in water decreases remarkably with higher temperatures.
Therefore, the mismatch between oxygen demand and supply under
increasing temperature normally results in higher Pcrit in fishes (see a
review in Rogers et al., 2016). However, among the generally increased

Pcrit response to elevated temperatures (Collins et al., 2013; Corkum
and Gamperl, 2009; Hilton et al., 2008; Lapointe et al., 2014; Remen
et al., 2013; Schurmann and Steffensen, 1997), there were exceptions: it
has been found that some darters exhibited lower Pcrit at 20 °C than

Fig. 5. (continued)

B.-J. Chen, et al. Aquaculture 508 (2019) 137–146

143



10 °C (Ultsch et al., 1978); and Pcrit remained constant when Rainbow
trout were held at 10–20 °C (Ott et al., 1980). Nevertheless, the
abovementioned Pcrit responses were tested in a relatively narrow
thermal range. Our results showed a variety of Pcrit responses to thermal
increase in a broader temperature range which coincides with the

species' natural thermal range (10–30 °C). The Pcrit increased in qing bo,
decreased in Chinese bream and grass carp and remain unchanged in
big head carp, silver carp and common carp when exposed to rising
temperatures (Fig. 3).

It is reported that RMR serves as one of the key determinants of Pcrit,

Fig. 5. (continued)
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which forms a significantly positive correlation between RMR and Pcrit
at a given temperature (Matey et al., 2008; Richards, 2011). In addi-
tion, such correlation was conserved across wide temperature ranges in
Atlantic salmon (Barnes et al., 2011; Remen et al., 2013). However, our
results show that only qing bo and big head carp revealed a positive
correlation between RMR and Pcrit at temperatures ranging from 10 to
30 °C (Fig. 4a, d), while no correlation was detected in the other four
cyprinids examined in this study (Fig. 4b, c, e, f). These results suggest
that even in closely related species the temperature induced oxygen
demand increase may invoke different impact on their hypoxia toler-
ance capacity.

Temperature induced gill remodeling was apparent in three (grass
carp, big head carp and silver carp) of the six cyprinids tested (Fig. 5b,
c). Common carp also exhibited a certain degree of gill structure
modification, but to a lesser extent compared with the three afore-
mentioned species (Fig. 5c). An empirical study reported that big head
carp can perform gill remodeling and enhance oxygen uptake capacity,
whereas Chinese bream cannot alter its gill structure under hypoxic
conditions (Dhillon et al., 2013). Our study revealed that such tissue
remodeling in big head carp could also be induced by thermal factor,
and the lack of gill remodeling capacity was also evident in Chinese
bream within thermal changes (Fig. 5a). An interesting finding was that
nearly all fish that possessed gill remodeling or gill structure mod-
ification, did not show a significant correlation between RMR and Pcrit
(Figs. 4, 5; except big head carp). This suggests the increased lamellar
surface area benefits a fish's oxygen uptake at higher temperatures,
which may accommodate their significantly increased oxygen demand
(RMR) even when oxygen supply in the environment becomes limited.

Maintaining aerobic metabolism in hypoxia is advantageous be-
cause below Pcrit the fish must switch to anaerobic metabolism, which
leads to low efficient energy production (Nilsson and Ostlundnilsson,
2008) and deleterious lactate accumulation (Bickler and Buck, 2007;
Richards, 2009). Though some carps can convert lactate into ethanol
and CO2, it's still less efficient than aerobic metabolism; and survival
then relies on whole body glycogen reserves (Bickler and Buck, 2007;
Fu et al., 2014). For cyprinids that possess the gill remodeling ability,
their increased lamellar surface area and decreased diffusion distance
enhance oxygen uptake efficiency and capacity. This leads to stable or
even decreased Pcrit with significantly elevated RMR at higher tem-
peratures, hence predicting a longer aerobic metabolism period and
hypoxia survival (Figs. 4, 5). Such strategy of compensating elevated
physiological demand through gill morphological alteration to maintain
or improve oxygen uptake capacity (stable or decreased Pcrit) through
temperature increase was specifically obvious in big head carp. Its RMR
showed a positive correlation with Pcrit with increasing temperature,
however, the increased lamellar surface area at higher temperatures
greatly enhanced its oxygen uptake capacity, thusly resulted in a stable
Pcrit response. For carp that could not perform gill remodeling (e.g. qing
bo), Pcrit was inevitably driven by significantly increased RMR, re-
sulting in the fish entering anaerobic metabolism earlier (higher Pcrit
value) under hypoxic conditions at higher temperatures (Figs. 4a, 5a).
One exception was the Chinese bream, even with the lack of gill re-
modeling capacity, its Pcrit decreased with increasing temperature,
suggesting an improved oxygen uptake efficiency (i.e. decreased Pcrit) at
higher temperatures, which might be due to increased gill ventilation,
elevated blood hemoglobin (Hb) concentration, improved Hb-O2

binding affinity, up-regulated cardiovascular function or more effective
mitochondrial O2 turnover (Mandic et al., 2009; Speersroesch et al.,
2012a; Speersroesch et al., 2012b). However, in previous studies, we
found that Chinese bream is a hypoxia sensitive species compared to
other carps. For instance, the swimming performance of Chinese bream
decreased significantly when facing hypoxia (Fu et al., 2014); further-
more, its tissue glycogen reserve as well as lactate tolerance potential
both decreased significantly as the temperature increased, suggesting a
decreased hypoxia tolerance (He et al., 2015). Hence, apart from con-
sidering Pcrit alone, more variables need to be considered before we

define the actual hypoxia tolerance capacity of a species.
In conclusion, when temperatures increased from 10 to 30 °C, a

diversity of Pcrit responses was observed: the Pcrit increased (qing bo),
decreased (Chinese bream and grass carp) or was conserved (big head
carp, silver carp and common carp). Apparent thermal-induced gill
remodeling was found in three (grass carp, big head carp and silver
carp) of the six cyprinids studied, with common carp also exhibiting a
certain extent of gill structure modification. RMR was positively cor-
related with Pcrit at temperatures ranging from 10 to 30 °C in qing bo
and big head carp, however such significant correlation was not found
in the rest of the cyprinids. Our study provided reference of the tem-
perature-dependent hypoxia tolerance capacities in six closely related
cyprinids that possess important aquaculture value. The diverse Pcrit
responses to temperature increase among these cyprinids suggest that
species-specific rearing condition should be considered for aquaculture
production of closely related species. The results of thermal-dependent
RMR response provided an estimate of optimal rearing temperature
ranges for aquaculture production of these species, in which the
maintenance metabolism was independent of thermal changes.
However, further investigation is needed to determine whether max-
imum metabolic scope, which constitutes many aspects of fitness re-
lated performances (e.g. growth etc.), could also be reached within the
same thermal ranges.
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