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to hypoxia, compared to individuals held under normoxic 
conditions suggesting that golden perch can acclimate to lev-
els around 3 mgO2  L−1 (kPa ~ 7) and lower. The contrasting 
tolerance of two sympatric fish species to hypoxia highlights 
our lack of understanding of how hypoxia effects fish after 
long-term exposure.

Keywords Metabolic scope · Sub-lethal · Threshold 
limit · Acclimation · Water management

Introduction

Hypoxia occurs when dissolved oxygen in the water goes 
below a level that can sustain the life of an organism and 
its natural capacity to function physiologically. Under such 
conditions organisms are unable to carry out vital processes 
such as feeding, reproduction, growth, migration and pred-
ator avoidance (Dean and Richardson 1999; Pollock et al. 
2007). Hypoxia is not a new issue; in fact, it commonly 
occurs as a natural process, with anthropogenic activities 
contributing greatly to the severity and duration of hypoxic 
events in more recent times (King et al. 2012; Whitworth 
et al. 2012). Over 500 hypoxic areas or dead zones world-
wide have been documented, predominantly associated 
with anthropogenic pressures and are expected to increase 
exponentially (by 5.54% per year Díaz and Rosenberg 2011; 
Vaquer-Sunyer and Duarte 2008).

The response of fish to hypoxia and temperature change 
is dependent on species and context, with conspecifics 
responding differently both physiologically and behaviour-
ally (Collins et al. 2013; McNeil and Closs 2007; Nilsson 
et al. 2009). Fish exposed to hypoxia encounter a number 
of problems: short term (0.5–96 h) they face problems 
with maintaining oxygen uptake to meet basic metabolic 
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and maximum metabolic rate (SMR and MMR), absolute 
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maintenance requirements, reductions in aerobic scope, 
bactericidal activity, and antibody levels, the production 
of disease-fighting reactive oxygen species and a build-
up of anaerobic by products (Díaz and Rosenberg 2011; 
Pörtner and Lannig 2009); long term (96 + h) they suffer 
reduced growth and fecundity, as well as altered behaviour 
and mortality (Breitburg et al. 2009; Pörtner and Lannig 
2009). Indirectly, hypoxia can result in habitat loss (from 
forced migrations), increased predation pressure, and over-
all trophic changes, with some effects being irreversible or 
requiring extensive time for recovery (Collins et al. 2013; 
McCarthy et al. 2014; Vaquer-Sunyer and Duarte 2008). 
Fish can counter hypoxia by breathing air at the water’s sur-
face (aquatic surface respiration, ASR), escaping hypoxic 
areas if possible and reducing oxygen demand by decreasing 
activity; as well as increasing the oxygen carrying capac-
ity of haemoglobin (Hb), depressing their metabolism and 
changing cardiac function (Cook et al. 2013; Timmerman 
and Chapman 2004; Rogers et al. 2016). Cellular and tissue 
modifications can also improve performance under hypoxic 
conditions, evident through lowering of the critical oxygen 
tension  (Pcrit), defined as the partial pressure of oxygen (Po2) 
below which a stable rate of oxygen uptake can be main-
tained and is not reliant upon on ambient oxygen availability 
(Cook et al. 2013; Timmerman and Chapman 2004; Sollid 
et al. 2005). Furthermore, increased temperatures reduce the 
solubility of oxygen in water, thus reducing a fish’s capac-
ity to supply oxygen to tissues, compounding the problem 
of a low-oxygen environment (Dean and Richardson 1999; 
Farrell 2016; McCarthy et al. 2014). Thus, the combined 
effects of temperature and hypoxia can be devastating and 
may affect ecological communities in complex ways and 
elicit highly species-specific responses.

The response of organisms to hypoxia can be difficult 
to measure, particularly in combination with temperature. 
Much of our understanding is based upon abundance pres-
ence–absence studies and short-term physiological and 
behavioural studies (King et al. 2012; Zhang et al. 2010). 
Presence–absence studies are limited by populations being 
present at time of sampling, typically small numbers and 
sizes of sample sites, and limited prior knowledge of fish 
assemblages of the sample area (King et al. 2012). While 
physiological and behavioural studies have focussed on 
short-term effects of different stressors (i.e. < 100 h expo-
sure to hypoxic conditions) to metabolic performance and 
behavioural responses of individual fish species, few stud-
ies have considered the longer term (chronic) exposure to 
multiple stressors (Richardson et al. 2001).

Respirometry, a physiological approach used to meas-
ure oxygen consumption rates (Ṁo2) of aquatic organisms 
presents a unique opportunity to predict an organism’s 
response to long-term exposure to environmental stressors 
(Roche et al. 2013). The metabolic scope of an individual is 

of particular interest as it shows the total capacity for energy 
use by aerobic pathways and can be estimated indirectly 
through measurements of oxygen consumption (Norin and 
Clark 2016). Furthermore, it can be influenced by a num-
ber of intrinsic and extrinsic factors such as activity level, 
body mass, temperature, food consumption and environmen-
tal conditions like hypoxia (Norin and Clark 2016; Chabot 
et al. 2016). Metabolic scope is calculated using the standard 
(resting) metabolic rate (SMR or Ṁ

O2,min ) and the maxi-
mum metabolic rate (MMR or Ṁ

O2,max). The SMR repre-
sents the minimum rate of oxygen consumption (minimal 
cost of living) of a resting fish in a post-absorptive state at a 
given temperature (McBryan et al. 2013; Roche et al. 2013), 
while the MMR represents the maximum rate at which oxy-
gen from the environment can be transported to the organism 
for consumption (McBryan et al. 2013; Roche et al. 2013). A 
fish’s total aerobic scope for activity, the range of metabolic 
energy available for aerobic activity, can then be determined 
from SMR and MMR; this is referred to as the absolute aero-
bic scope (AAS)(Roche et al. 2013). Fish exposed to hypoxic 
conditions will suffer a reduction to their total metabolic 
scope. As such, it is necessary to understand the severity 
of this reduction and if prolonged hypoxia exposure would 
allow organisms to initiate an acclimation response.

Understanding the thresholds of fish to hypoxic condi-
tions is crucial for establishing management targets to avoid 
high mortalities (Vaquer-Sunyer and Duarte 2008). There 
have been few attempts to determine thresholds of hypoxia 
for fish species and identify a limit for management pur-
poses (Dean and Richardson 1999). Of the possible lim-
its proposed the majority of the literature refers to a value 
of ~ 2mgO2 L−1 for all aquatic environments (Breitburg et al. 
2009; Helz and Adelson 2013; Vaquer-Sunyer and Duarte 
2008). Species-specific responses to hypoxic conditions 
suggest that this value may be inadequate in supporting 
whole system survival, and suggests that ecosystems may 
require independent reviews before instituting a limit for 
management (Dean and Richardson 1999; Vaquer-Sunyer 
and Duarte 2008).

To date, there are no known studies that have consid-
ered freshwater species and their tolerance to the combined 
effects of elevated temperatures and hypoxia. We investi-
gated the independent and interactive effects of long-term 
exposure to low dissolved oxygen and temperature on the 
metabolic scope and tolerance of two freshwater fish species. 
We used juvenile golden perch (Percichthyidae: Macquaria 
ambigua ambigua) and silver perch (Terapontidae: Bidyanus 
bidyanus) these are key species found throughout Australia’s 
largest inland freshwater river system, the Murray Darling 
Basin (MDB) and are classified as vulnerable, threatened or 
endangered dependent on region (for more species informa-
tion see Supp. SSI 1, Lintermans 2007) were used. The MDB 
is a highly regulated system subject to extreme variations 
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in environmental conditions. Prolonged periods of severe 
drought are punctuated by periods of high rainfall and flood-
ing, conditions that can result in hypoxic events particularly 
during summer. Golden perch and silver perch were exposed 
to prolonged hypoxic conditions at different temperatures; 
however, due to mortality of silver perch physiological tests 
were only performed on golden perch. We expect long-term 
exposure to hypoxic conditions will allow fish to acclimate 
to hypoxia. Furthermore, higher temperature treatments are 
likely to limit the metabolic scope and acclimation ability of 
fish even after prolonged hypoxic exposure.

Methods

Experimental design

Silver perch (Bidyanus bidyanus, average length 45 mm, 
average body mass 2.7 ± 0.5 g) and golden perch (Mac-
quaria ambigua ambigua, average length 35 mm, average 
body mass 2.1 ± 0.5 g) were sourced from aquaculture 
stock from the NSW Hatchery Quality Assurance Scheme 
(HQAS) accredited Silverwater Native Fish Hatchery, Grong 
Grong, NSW, in March 2014. Upon arrival at the University 
of Adelaide, fish were held in 250-L holding tanks at 20 °C. 
Aged (dechlorinated) tap water was used in tanks through-
out the pre-experimental and experimental periods. Silver 
perch were fed hatchery pellet food until satiation, with any 
excess siphoned out an hour after feeding. Golden perch 
were fed live black worm (Lumbriculus variegatus), with 
waste siphoned out 24 h after feeding. Diets of both fish 
were matched to those at the hatchery: silver perch were 
fed pellets (sourced from Silverwater Native Fish Hatch-
ery) and golden perch were fed live blackworm (sourced 
from Seaview Aquarium Centre, Plympton, SA). Fish were 
exposed to a 12:12-h light:dark cycle and room temperature 
was maintained at 20 °C. Water quality was monitored every 
second day for pH, ammonia and nitrite, with 25% water 
changes made daily for silver perch and every other day for 
golden perch. For both pre-experimental and experimental 
periods all tanks were aerated, and water in each tank was 
filtered using independent submersible aquarium filters for 
the duration of the experiment. Evaporation was minimised 
by covering tanks with clear plexiglass lids.

Fish were randomly assigned to 20-L treatment tanks 
10 days after arrival to give sufficient time to adjust to the 
new conditions, with about 11 fish per tank. The experi-
mental design consisted of two oxygen treatments, normoxic 
(6–8 mgO2  L−1 or 12–14 kPa) and hypoxic (3–4 mgO2 L−1 
or 7–9 kPa), combined with up to three temperature treat-
ments (20, 24 and 28 °C). Treatments included all possible 
combinations of temperature and oxygen for golden perch, 
with duplicate tanks for each treatment (n = 12 tanks), while 

silver perch included all possible combinations of two tem-
peratures (20 °C and 28 °C) and oxygen with duplicate 
tanks for each treatment (n = 8 tanks). The experimental 
design differed for silver perch as there were less individu-
als available. The temperatures chosen reflected a portion 
of the natural thermal range experienced by both species 
(from 4 to 34 °C across their entire natural range) and are 
most likely to be affected by hypoxic conditions (Lintermans 
2007). All tanks with temperatures ≥ 24 °C were heated 
independently using submersible aquarium heaters; tem-
perature was monitored regularly. The desired temperatures 
were reached by adjusting heaters by 2 °C per day. Oxygen 
levels were based on the globally accepted tolerance limit of 
2 mgO2  L−1 which is expected to cause high levels of stress 
and mortality for most species (Vaquer-Sunyer and Duarte 
2008). The experiment was designed to provide long-term 
exposure yet still subject species to low levels of oxygen; 
therefore, the hypoxic treatments were higher than this limit, 
enough to cause slight discomfort but not mortalities. At 
the completion of all experiments fish were measured and 
weighed to calculate a simple condition index, Fulton’s K, 
which assumes that the weight of a fish is proportional to 
the cube of its length:

where W is body wet weight (g) and L the total standard 
length (cm), 100 is used to bring the factor close to a value 
of one. Fulton’s K condition factor is widely used in fish 
biology studies to describe the condition of the individual 
(Nash et al. 2006).

Control of hypoxia

For the hypoxic treatments a simple and novel degassing 
system was developed, which used nitrogen gas to remove 
oxygen from the water (see Fig. 1). A combination of 9 L/
min of nitrogen, split across 3 G-Class nitrogen cylinders 
(food grade, 3 L/min per cylinder) was mixed with 9 L/min 
of air in a loosely sealed 35-L mixing tank. Cylinders were 
changed on average every 3 days. The mixing tank contained 
two electric air pumps, with a combined flow rate of less 
than 18 L/min, which pumped the mixed gas to individual 
aquarium tanks, using air hosing (of equal distance) con-
nected to a single air stone (of the same size) in each tank. 
Air was pumped into the mixing tank from an air compres-
sor. Tanks were covered with plexiglass lids to minimise 
turbulence and limit diffusion of surrounding atmospheric 
air. This method allowed oxygen levels to be simultaneously 
controlled in all tanks over an extended period, and could be 
adjusted to suit both larger and smaller experiments.

Maximum exposure periods for silver perch and golden 
perch were 87 and 247 days, respectively. Exposure times 
varied as physiology experiments were carried out over 

K = 100
(

W∕L3
)

,
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20 weeks, which included the initial experimental trials. 
Physiological trials were randomised such that there was lit-
tle variation of exposure to experimental conditions among 
fish relative to the total exposure time.

Resting respirometry

Resting respirometry was only conducted on golden perch 
due to high mortalities of silver perch in the initial experi-
ment. All fish were fasted for 24 h prior to experimental 
trials to evacuate the digestive tract so that only oxygen 
consumption rates (Ṁo2) were recorded. Approximately 12 
fish, per treatment, were randomly selected and subjected to 
respirometry experiments.

A four-chamber system was designed so that multiple 
fish could be tested simultaneously. Each resting chamber 
was custom made to fit the size of the fish based on a 1:10 
ratio (1 kg of animal for every 10 L of water), and was 
300 mL in volume. All four chambers were submerged 
in a larger water bath (139 × 52 × 20 cm), which was 
used to control temperature and oxygen levels. Individual 
chambers used a closed recirculation loop to pump low 
flowing water over the fish. A fibre optic oxygen probe 
(Pyroscience, OXROB3, Aachen, Germany) was fitted 
to the recirculation loop in each chamber; this recorded 
oxygen consumed during each Ṁo2 determination. Each 
chamber was connected to a flushing pump that circulated 

water intermittently after each Ṁo2 determination to 
completely replenish the chamber with oxygenated water 
from the water bath. A 5-min flushing period and a 20-min 
determination period was used for the 20 °C normoxic and 
hypoxic treatments; however, this was reduced to a 2-min 
flush and 20-min determination period for the remain-
ing treatments as the 5-min flush caused stress for fish at 
higher temperatures. Stress was indicated by fish not main-
taining a neutral or central position in the middle of the 
chamber during flushing. During the 20-min determination 
period oxygen was not reduced to less than 1 mgO2  L−1 
and was above the background respiration rates. Dissolved 
oxygen concentration was recorded using four fibre optic 
oxygen probes (OXROB3) in a four-channel FireSting  O2 
Optical Oxygen Meter (Pyroscience, Aachen, Germany), 
with one probe fitted to the recirculation loop of each 
chamber.

To determine maximum metabolic rate (MMR), we 
used a method described by Roche et al. (2013), where fish 
were subjected to a 3-min exhaustive chase followed by a 
1-min air exposure prior to being placed in respirometry 
chambers. This method forces fish to reach their MMR in 
a short time and can be determined using the highest Ṁo2 
determination value. However, the 3- and 1-min combi-
nation was too stressful for the golden perch at higher 
temperatures, such that they were unable to recover from 

Fig. 1  Schematic of degassing system used for the control of hypoxia showing setup for six tanks
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3 min of chase and 1 min of air exposure; these times 
were, therefore, reduced to a 2-min exhaustive chase with 
40-s air exposure for the 24 and 28 °C treatments. During 
the exhaustive chase, individual fish were placed in a 25-L 
bucket and were encouraged to continue swimming by 
gently touching the tip of the tail; fish were only encour-
aged if they slowed down or stopped swimming. Once the 
exhaustive chase was complete fish were suspended in a 
mesh aquarium net out of the water for 40–60 s and then 
immediately placed into a chamber. The first determina-
tion period was started 1 min after each fish was placed 
in a chamber, whereby maximum metabolic rate (MMR) 
was measured. Following this determination period, fish 
were left in the chamber for 8–12 h to allow fish to reach 
a resting state. Once the resting state was reached, the 
standard metabolic rate (SMR) was calculated using the 
equation below.

Ṁo2  (mgO2 kg−1 h−1) was calculated for each determina-
tion cycle using the equation:

where (t0) is the oxygen content of the water measured at 
the end of a flushing cycle, and (t1) is the oxygen content 
measured at the end of a determination period, just prior to 
the flush, both measured in mg  O2/L. V is the volume of the 
chamber minus the volume of the experimental animal in L, 
t is t0–t1 and BW is body weight of the experimental animal 
in kg. The average of the lowest 10% of total measurements 
was used to calculate SMR. Three determinations were run 
before and after the testing period to record background 
values of bacterial respiration. Background rates were sub-
tracted from Ṁo2 values. To reduce background respiration 
water was pumped through a heater/chiller unit fitted with 
a UV lamp that sterilized the water. The absolute aerobic 
scope (AAS) for activity of fish was calculated by subtract-
ing SMR from MMR (MMR − SMR). The whole system 
was rinsed every third day to ensure background consump-
tion of oxygen remained below 15% of the resting metabolic 
rate of fish.

Determining tolerances to hypoxia

To record tolerance limits among the different treatments, 
fish were left in chambers for an additional period of time 
with the intermittent flushing cycle turned off, which nor-
mally replenishes the system with oxygen. We defined 
the tolerance limit as the point at which an individual fish 
showed signs of stress at low oxygen levels. A sign of stress 
was indicated by a significant burst reaction in the chamber 
or loss of equilibrium. Fish were observed constantly during 
this period. At the first signs of stress, the oxygen level and 
time were recorded and the fish was immediately removed 

ṀO2 =
(

[O2]t0 − [O2]t1
)

⋅

V

t
⋅

1

BW
,

from the chamber. A tolerance limit was recorded for each 
fish.

Critical oxygen tension or  Pcrit

The critical oxygen tension or  Pcrit was measured using data 
from the closed respirometry phase of the experiment. To 
minimise the effects of  CO2 accumulation, metabolic prod-
ucts and reductions in pH the chamber was flushed after 
acclimation. The  Pcrit was defined as the point at which Ṁo2 
was reduced below SMR and fish shifted to an oxy-con-
forming state. The  Pcrit was determined for each fish by fit-
ting a segmented regression using RStudio Version 1.0.143 
(RStudio Team 2016). The critical tension was recorded as 
the point of intersection of the two lines as this indicated 
the breakpoint at which oxy-regulating changed to oxy-con-
forming. This measure differed from the hypoxia tolerance 
measure as it occurred prior to fish losing equilibrium.

Statistical analyses

Statistical analyses were conducted using PRIMER 6 and 
PERMANOVA + software (www.primer-e.com). Tempera-
ture, DO and oxygen saturation of the water, and Fulton’s K 
were analysed for both species at all possible temperature 
and treatment levels and for tank effects using a three-way 
permutational univariate analysis of variance (ANOVA) 
with unrestricted permutations. Temperature and hypoxia 
treatment levels (hypoxic or normoxic) were treated as fixed 
factors with replicate tanks treated as a random factor nested 
in temperature and hypoxia treatment. The same ANOVA 
design was used to analyse data regarding MMR, SMR, 
AAS,  Pcrit and tolerance limits. Where tank effects were not 
detected, data were pooled and re-analysed using a two-way 
permutational univariate ANOVA with unrestricted permu-
tations. Post hoc pairwise tests were conducted where sig-
nificant differences were found. All analyses included Monte 
Carlo tests to ensure that there were sufficient permutations 
to detect significant differences.

Results

Rearing conditions

Treatment conditions remained consistent throughout 
the experimental period for both species and fish length 
and weight were similar among treatments for each spe-
cies (< 0.5 g/cm, Table S1). Significant tank effects were 
detected; however, these were generally less than the vari-
ation among treatments (Table S2). All significant effects 
of temperature and hypoxia on water conditions were in 
line with the experimental treatment designs and changes 

http://www.primer-e.com
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had minimal variation (temperature < 0.7 °C, dissolved 
oxygen  <  1  mgO2  L−1 and saturation  <  8%) over the 
course of the experiment (Table S1).

Fish condition

Body condition, Fulton’s K, did not vary for golden perch 
despite long-term exposure to varied environmental condi-
tions (Table S3, P ≤ 0.05). Silver perch in hypoxic con-
ditions had a significantly lower Fulton’s K than those in 
normoxic conditions (Table S3, Fig. 2). A between-species 
comparison also shows that golden perch overall had a 
poorer body condition than silver perch; this may be because 
of the length of time species were exposed to treatment con-
ditions (Fig. 2).

Survivorship

Mortality recorded during the rearing period for both species 
showed variation between the two species (golden perch and 
silver perch) (Fig. 3). Silver perch suffered significant high 
levels of mortality during the rearing period with no fish 
surviving beyond week 14 (P < 0.0001, Kaplan–Meier, IBM 
SPSS Statistics 24.0.0.1). Silver perch treated under hypoxic 
conditions suffered more than 50% mortality by week 2 at 
28 °C, and by week 3 at 20 °C. In contrast, silver perch 
in normoxic conditions suffered more than 50% mortalities 
in week 5 at 28 °C and week 12 at 20 °C. Comparatively, 

Fig. 2  Mean (± SE) Fulton’s K for silver perch (Bidyanus bidyanus, 
n = 93), and golden perch (Macquaria ambigua ambigua, n = 127), 
by hypoxia treatment (light grey bars represent hypoxic conditions, 
dark grey bars represent normoxia). Data for tank and temperature 
have been pooled

Fig. 3  Weekly mean survival (±  SE) for replicate tanks of each 
treatment for a silver perch (n = 93) and b golden perch (n = 127). 
Survival is calculated as a percentage of fish surviving in each tank 

and then the mean of the two tanks is shown. Silver perch were only 
exposed to two of the three temperature treatments
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golden perch treated under the same conditions (Table S2) 
suffered few mortalities over the full 40-week period.

Metabolic scope

As silver perch suffered high mortalities during the rearing 
period, metabolic variables were only measured on golden 
perch. Long-term exposure to hypoxia at 20 and 28 °C 
resulted in lower SMR and MMRs compared to 24 °C for 
golden perch (Fig. 4, Table S4). Maximum metabolic rate 
and SMR showed no significant effects of hypoxia although 
there was a significant interaction between temperature and 
hypoxia for MMR (Table S4). Significant differences were 
detected among temperature treatments for both SMR and 
MMR (Table S4, Fig. 4). Lower AAS measures occurred 
at 20 and 28 °C in fish exposed to hypoxia long term com-
pared to those treated under normoxia, while fish exposed to 
hypoxia at 24 °C had higher AAS than those treated under 
normoxia (Fig. 5).

Hypoxia tolerance limits and  Pcrit

Hypoxia tolerance limits and critical oxygen tension  (Pcrit) 
of fish were significantly higher at normoxic conditions but 
did not vary among temperatures (Table S5, Figs. 6 and 7).

Discussion

Our study showed that sympatric species have different 
responses to thermal and hypoxic stress. Despite exposure 

Fig. 4  Boxplots (95% quantile) indicating maximum metabolic rate 
(MMR) and standard metabolic rate (SMR) recorded for golden 
perch at all temperatures and hypoxia treatments; replicate tanks are 
pooled. A) MMR where light grey bars represent hypoxic condi-
tions (4 mg L−1), and dark grey bars represent normoxia (8 mg L−1, 
n  =  69). b SMR where data were pooled for each temperature 
because significant differences were not found for hypoxia at each 
temperature (n = 69). Circles (○) represent outliers that fell between 
1.5 and 3 interquartile ranges from the nearest edge of the box and 
stars (*) represent outliers beyond 3 interquartile ranges from the 
nearest edge of the box, and lines in the centre of box represent the 
median point

Fig. 5  Boxplot (95% quantile) showing absolute aerobic scope 
(AAS) for golden perch at all temperature and hypoxia treatments; 
replicate tanks are pooled (n = 69). Light grey bars represent hypoxic 
conditions (4 mg  L−1), and dark grey bars represent normoxia (8 mg 
 L−1). Circles (○) represent outliers, and lines in the centre of box rep-
resent the median point

Fig. 6  Boxplot (95% quantile) showing the hypoxia tolerance limits 
for individual golden perch at normoxic (dark grey, 8  mg  L−1) and 
hypoxic (light grey, 4  mg  L−1) conditions; replicate tanks and tem-
peratures are pooled, as there were no significant temperature or tank 
effects detected (n = 69). Circles (○) represent outliers, and lines in 
the centre of box represent the median point

Fig. 7  Mean (± SE)  Pcrit for golden perch by hypoxia treatment (light 
grey bar represents hypoxic conditions and the dark grey bar repre-
sents normoxic). Data for tank and temperature have been pooled 
(n = 60)
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to the same conditions as golden perch in our initial exper-
imental rearing period, silver perch were unable to cope 
and suffered high levels of mortality (50% mortality by 
week 3 in hypoxic treatments). Golden perch, however, 
suffered few mortalities over the whole experimental 
period. Additionally, golden perch were able to tolerate 
hypoxic conditions after prolonged exposure. The behav-
iour and tolerance of fish exposed to hypoxia often differs 
among and within species and also with size (Eliason and 
Farrell 2016; McCarthy et al. 2014; Metcalfe et al. 2016). 
Multiple studies have demonstrated highly species-specific 
responses to thermal and hypoxic stress, in some cases 
influenced by fish making physiological trade-offs associ-
ated with specific natal conditions (Eliason and Farrell 
2016; McNeil and Closs 2007). We observed that thermal 
stress accelerated the decline of silver perch, particularly 
those treated under hypoxic conditions. Due to mortal-
ity during the initial experiment, physiological perfor-
mance of silver perch was not tested; however, the effect 
of hypoxia on body condition of this species may indicate 
that exposure to hypoxic conditions quickly degenerates 
their overall health. In comparison, there was minimal 
impact on the body condition of golden perch held under 
the same conditions, but their overall condition was lower 
than silver perch. As all measures on body condition were 
conducted after the 40-week exposure period differences 
in condition between species may be attributed to golden 
perch withstanding the full 40 weeks of exposure. Differ-
ences in the diet between the two species may have also 
driven differences in body condition. Silver perch were 
fed a pellet food specifically designed to enhance fitness 
in this species (Rowland 2008, 2009; Rowland and Tully 
2004), while golden perch were fed unenriched live food. 
Golden perch and silver perch inhabit similar zones in the 
MDB, including lowland, turbid and slow-flowing rivers 
with snags and rocky outcrops (Lintermans 2007). His-
torically, the distribution of silver and golden perch was 
similar; however, changes to river regulation, reproduc-
tive behaviour, migration patterns through the addition of 
weirs and dams, threat of alien species, thermal pollution, 
hypoxic episodes and flow regime have resulted in a severe 
decline in silver perch distribution, while golden perch are 
still widespread, albeit at reduced numbers (for more spe-
cies information see Supp. SSI 1, Koehn and Nicol 2016; 
Lintermans 2007). Without knowing the complete genetic 
history of silver perch used in our study it is possible they 
do not fully reflect wild populations, although the hatch-
ery fish were sourced from are one of many involved in 
restocking wild populations throughout the MDB. How-
ever, given the dramatic decline seen in this species over 
the last 50-year exposure to hypoxia and high tempera-
tures in our laboratory experiment may explain why their 

natural range has diminished (Lintermans 2007; Rowland 
2008, 2009; Rowland and Tully 2004).

Long-term exposure to hypoxia directly affected the tol-
erance thresholds of golden perch. Fish exposed to hypoxia 
were able to tolerate lower levels of dissolved oxygen, 
while a lack of exposure (long-term normoxia) resulted in 
fish reaching their tolerance thresholds at higher levels of 
dissolved oxygen. Critical oxygen tensions  (Pcrit) of golden 
perch also followed the same pattern, suggesting that long-
term exposure to hypoxia induced an acclimation response 
(for other examples see: Cook et al. 2013, Timmerman and 
Chapman 2004; Rogers et al. 2016). Additionally, higher 
temperatures had no effect on the hypoxia tolerance of 
golden perch, which may be due to a thermal acclimation 
response from prolonged exposure (McMaster and Bond 
2008). Although golden perch may persist in low levels 
of dissolved oxygen and partial pressure (Po2) it is neces-
sary to consider at what cost this occurs and if they use 
other options in the wild such as aquatic surface respiration 
(ASR), increasing gill ventilation or simply move away. For 
example, a study on the tolerance of zebrafish (Danio rerio) 
found that individuals could persist to levels of 1 mgO2 L−1 
and lower; however, it was at the cost of poor-performing 
antioxidant enzymes, which resulted in oxidative damage 
(Feng et al. 2016). Environmental factors such as tempera-
ture, food intake and diet composition may also act to change 
this value in wild fish; therefore, oxygen thresholds of fish 
should always be used carefully for management. For exam-
ple, our results suggest golden perch would be protected 
under the current universal threshold limit (2 mgO2 L−1), 
but silver perch would be unlikely to survive (Vaquer-Sunyer 
and Duarte 2008). The threshold limit for silver perch may 
be higher than 4 mgO2 L−1 given the high mortalities dur-
ing the experimental rearing period even under normoxia; 
however, they are known to continue feeding at dissolved 
oxygen concentrations below  3mgO2 L−1 (Rowland 2009). 
Even though the global limit provides a standard for man-
agers to work from it is difficult to predict what this value 
means for wild populations. Adapting this information to 
existing models for the MDB would allow managers to pre-
dict larger scale impacts of hypoxic events and appropri-
ate dissolved oxygen levels and Po2 for highly oxygenated 
water releases to combat hypoxic events spreading. Models 
could further incorporate physiological details such as ther-
mal thresholds, oxygen carrying capacity, aerobic scope, 
and the growth, digestion and reproductive requirements of 
fish to provide a comprehensive way of predicting impacts 
on local populations. There are some examples of models 
being used effectively in this way for predicting how future 
environmental conditions will impact Pacific salmonids 
(Eliason and Farrell 2016; Hague et al. 2011; Rand et al. 
2006). However, there may be some limits to this method 
due to the clear species-specific reactions to hypoxia, thus 
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models considering the most sensitive species among local 
populations would be most appropriate. Other researchers 
have also observed fish under hypoxia reaching tolerance 
points much faster than those treated under normoxia (Dean 
and Richardson 1999; Fu et al. 2011).

Temperature is widely considered the principal control-
ling factor for aerobic and metabolic capacity, while hypoxia 
is considered the primary limiting factor (Claireaux and 
Chabot 2016; Pörtner and Lannig 2009). Long-term expo-
sure to hypoxia typically limited the aerobic and metabolic 
capacity (AAS and MMR) of golden perch at 20 and 28 °C, 
while overall fish had a lower basal oxygen demand (stand-
ard metabolic rate, SMR) at the same temperatures. There-
fore, aerobic and metabolic capacity may be limited beyond 
these points, such that it deleteriously impacts normal func-
tioning (Farrell 2016; Neuheimer et al. 2011). However, 
at 24 °C prolonged hypoxia exposure typically improved 
the aerobic and metabolic capacity of golden perch, com-
pared to those fish treated under normoxia. However, pos-
sible thermal acclimation of golden perch could confound 
some of our results, particularly the higher MMRs observed 
under normoxia at 28 °C (Farrell 2016; McBryan et al. 2013; 
McMaster and Bond 2008). Thermal acclimation can be 
achieved by reducing general metabolism via reduced feed-
ing and movement, the downregulation of protein synthesis 
or the decrease and/or modification of certain regulatory 
enzymes in aerobic and anaerobic pathways (McMaster and 
Bond 2008; Wu 2002). For example, Chilko, Oncorhynchus 
nerka, have an enhanced cardiac capacity due to a higher 
density of adrenaline-binding ventricular β-adrenoreceptors, 
giving them a broader thermal range compared to co-migra-
tors Nechako, O. nerka (Eliason et al. 2011). When fish are 
also exposed to hypoxia the capacity for oxygen transfer 
through haemoglobin and the circulatory system is reduced, 
this would seem to be the case for golden perch AAS and 
MMR, suggesting their thermal range may be limited by 
prolonged hypoxia exposure. The lower SMRs observed 
in golden perch overall at 28 °C could also be a result of 
thermal acclimation as fish at higher temperatures would be 
expected to grow and metabolise faster than those at lower 
temperatures. In a marine system, elevated levels of ambi-
ent  CO2 would have a similar limiting effect as hypoxia, 
highlighting the necessity for future physiological studies 
to consider the synergistic effects of environmental factors 
(Pörtner and Lannig 2009).

Fish respond to hypoxia in many different ways and while 
the lethal endpoint has been used in the past to assess safe 
levels of dissolved oxygen for fish, the sub-lethal tolerance 
limits are likely to be the most useful (Feng et al. 2016). Fish 
tolerance to a sub-lethal point will indicate the sensitivity of 
other vital functions such as growth and reproduction (Feng 
et al. 2016). Organisms recovery from hypoxic events can 
be partially attributed to the availability of nearby refuges 

and species capacity to adapt, exploit oxygen-rich zones and 
recolonize an area successfully after an event (Conley et al. 
2009; McMaster and Bond 2008). However, if those organ-
isms are unable to relocate or survive a hypoxic event there 
is very little chance of system recovery. Conley et al. (2009) 
suggested that systems which have been previously exposed 
to hypoxia are more prone to experience it in the future and 
suffer a slower recovery with each incidence. For example, 
hypoxic events resulting in large-scale losses of benthic 
communities lead to a change in overall trophic structure, 
with smaller, fast-growing species recolonizing an area 
first, impacting not only community structure but complete 
system functioning with deleterious effects to the storage 
capacity of sediments (Conley et al. 2009; Diaz and Rosen-
berg 2008). Only ~ 4% of the 500-plus systems affected by 
hypoxia worldwide have shown signs of recovery (Diaz and 
Rosenberg 2008).

Supply of oxygen to aquatic organisms worldwide is 
going to be affected by climate change, with models pre-
dicting substantial warming and deoxygenation throughout 
much of the world’s oceans and terrestrial water bodies 
(Deutsch et al. 2015). Due to the disparity observed among 
our two case study species, it will be necessary to consider 
management targets carefully to ensure the survival of all 
species within any one system (Vaquer-Sunyer and Duarte 
2008). We show some species may be able to develop natural 
resistance to poor oxygen conditions over time; however, 
this may be limited to only those with a naturally higher 
tolerance to hypoxia. Furthermore, future research should 
be targeted towards understanding the individual tolerance 
of known sensitive species within a system. We recommend 
that it is valuable to consider each system individually in 
terms of species and the effects of large-scale water alloca-
tion on dissolved oxygen content. Poor management of re-
allocated waters will influence local fauna where managers 
do not consider the complete spectrum of organism tolerance 
to hypoxia. Sympatric populations of fish under hypoxic 
stress in our system exhibited distinctly different responses 
to prolonged hypoxia exposure, and while it appears accli-
mation is achievable it remains species specific.
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