
rsbl.royalsocietypublishing.org
Research
Cite this article: Ern R, Johansen JL, Rummer

JL, Esbaugh AJ. 2017 Effects of hypoxia and

ocean acidification on the upper thermal niche

boundaries of coral reef fishes. Biol. Lett. 13:

20170135.

http://dx.doi.org/10.1098/rsbl.2017.0135
Received: 27 March 2017

Accepted: 12 June 2017
Subject Areas:
ecology, environmental science

Keywords:
critical oxygen tension (Pcrit), critical thermal

maximum (CTmax), oxygen- and capacity-

limited thermal tolerance (OCLTT), oxygen limit

for thermal tolerance (PCTmax
), oxygen uptake

(ṀO2
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Rising ocean temperatures are predicted to cause a poleward shift in the dis-

tribution of marine fishes occupying the extent of latitudes tolerable within

their thermal range boundaries. A prevailing theory suggests that the upper

thermal limits of fishes are constrained by hypoxia and ocean acidification.

However, some eurythermal fish species do not conform to this theory, and

maintain their upper thermal limits in hypoxia. Here we determine if the

same is true for stenothermal species. In three coral reef fish species we

tested the effect of hypoxia on upper thermal limits, measured as critical

thermal maximum (CTmax). In one of these species we also quantified the

effect of hypoxia on oxygen supply capacity, measured as aerobic scope

(AS). In this species we also tested the effect of elevated CO2 (simulated

ocean acidification) on the hypoxia sensitivity of CTmax. We found that

CTmax was unaffected by progressive hypoxia down to approximately

35 mmHg, despite a substantial hypoxia-induced reduction in AS. Below

approximately 35 mmHg, CTmax declined sharply with water oxygen ten-

sion (PwO2). Furthermore, the hypoxia sensitivity of CTmax was unaffected

by elevated CO2. Our findings show that moderate hypoxia and ocean

acidification do not constrain the upper thermal limits of these tropical,

stenothermal fishes.
1. Introduction
Climate warming is predicted to impact the abundance and distribution of

aquatic species via increases in the frequency and severity of heat waves

where temperatures exceed species’ upper thermal limits, and via poleward

shifts in latitudinal thermal range boundaries because of rising ocean tempera-

tures [1]. Coral reef fishes have evolved in a stable thermal environment and are

already shifting their distribution ranges poleward as a result of climate warm-

ing [2]. Furthermore, coral reef fishes live close to their upper thermal limits and

in 2016, the Great Barrier Reef experienced the highest transient sea surface

temperatures ever recorded [3]. Climate change involves not only rising temp-

eratures, but also declining pH (ocean acidification) due to elevated CO2 and

increases in the frequency and severity of environmental hypoxia [4]. Under-

standing the physiological responses of fishes to the synergistic effects of

multiple environmental stressors (e.g. heat waves, ocean acidification and

hypoxia) is essential if we are to make accurate predictions on the impact of

climate change on species and whole ecosystems [4].

The critical thermal maximum (CTmax) is the temperature at which the

fishes exhibits loss of equilibrium (LOE) due to the temperature-induced

collapse of vital physiological functions [5]. The CTmax defines the upper

boundary of a species’ fundamental thermal niche and is a commonly used
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metric in studies investigating the thermal tolerance limits in

marine fishes and the impacts of climate warming on their

distribution [1]. Oxygen supply capacity is the ability of the

cardiorespiratory system to maximize the delivery of

oxygen from the environment to the tissues, by increasing

gill performance, heart performance and blood-oxygen carry-

ing capacity. Oxygen supply capacity can be quantified via

aerobic scope (AS), which is the difference between the maxi-

mum rate of oxygen consumption (maximum metabolic rate,

MMR) and the rate of oxygen consumption required to sus-

tain basal metabolism (standard metabolic rate, SMR). In

fishes, exposure to progressive hypoxia causes a gradual

decline in AS from 100% in normoxia to 0% at the animal’s

critical oxygen tension (Pcrit). Building on this principle, we

demonstrated that the upper thermal limits of fishes, esti-

mated via CTmax, can be classified as either oxygen-

dependent or oxygen-independent [6]. In species with

oxygen-dependent upper thermal limits, SMR surpasses

MMR at the critical temperature (Tcrit) due to a temperature-

induced collapse of cardiorespiratory performance [7]. Above

Tcrit, survival becomes reliant on unsustainable anaerobic

metabolism, and LOE occurs at the temperature where ATP

deficiency becomes critical (i.e. CTmax). Consequently, the

CTmax of these species and their resilience to transient heat

waves should decline in habitats where water oxygen tensions

(PwO2) are low. In species with oxygen-independent upper

thermal limits, CTmax is determined by a temperature-induced

collapse of vital physiological functions not directly related to

tissue oxygen supply [6,8]. As a result, these species maintain

AS at their upper thermal limits and CTmax is relatively insen-

sitive to environmental hypoxia. The oxygen limit for thermal

tolerance (PCTmax
) is the PwO2 where an organism’s CTmax starts

to decline and can be used to determine the oxygen-depen-

dence of CTmax in fishes and other water-breathing

ectotherms [6]. Ocean acidification may constrain the AS of

fishes by increasing the energetic cost of acid–base regulation,

which could increase SMR, and reduce the oxygen binding affi-

nity of haemoglobin, which could decrease MMR [9]. In a

number of coral reef fishes, exposure to elevated CO2 reduces

MMR and AS [10], indicating that ocean acidification may

exacerbate the effects of environmental hypoxia on their

upper thermal limits [6]. However, other species maintain

MMR and AS in elevated CO2 [10], indicating that the impact

of ocean acidification on upper thermal limits may be

species-specific.

To assess the effects of hypoxia and ocean acidification on

the upper thermal nice boundaries of stenothermal fishes, we

examined the oxygen-dependence of CTmax in black-axil

chromis (Chromis atripectoralis), five-lined cardinalfish

(Cheilodipterus quinquelineatus), and spiny chromis damselfish

(Acanthochromis polyacanthus), and the synergistic effects of

elevated CO2 (simulating ocean acidification) on the hypoxia

sensitivity of CTmax in C. atripectoralis. As proof of concept we

also determined AS and Pcrit across a range of water tempe-

ratures and oxygen tensions and assessed the effects of

temperature and hypoxia on oxygen supply capacity.
2. Material and methods
Fish were collected in the waters around Lizard Island, Australia

(Department of Primary Fisheries permit #170251 and Great

Barrier Reef Marine Park Authority collection permit G13/

35909.1). Prior to experimentation, animals were maintained in
aerated, normocapnic water at 308C; the average summer temp-

erature for this location [3]. The CTmax was measured at

normoxia and at multiple levels of hypoxia, using a warming

rate of 28C h21 [6]. This protocol was repeated on C. atripectoralis
acclimated for two weeks to 1000 matm hypercapnia (electronic

supplementary material, table S2).

Oxygen consumption rates ( _MO2
) were determined using fibre-

optic oxygen sensors, meters and software (Pyro Science GmbH,

Aachen, Germany or Loligo Systems, Tjele, Denmark). MMR,

SMR and Pcrit were estimated in C. atripectoralis at 29, 31, 33 and

358C, respectively. For each group, the temperature was increased

or decreased from the 308C acclimation temperature (28C h21).

Measurements were initiated once the temperature reached the

target temperature. MMR at normoxia and at a PwO2 of

75 mmHg was estimated using a chase protocol [11]. SMR was esti-

mated using the mean of the lowest 10% of _MO2
measurements

performed over a 12 h period using intermittent-flow respirometry

[11]. At the end of this period, _MO2
measurements were performed

on fish gradually exposed to increasing hypoxia, and Pcrit was

determined as the PwO2 where _MO2
decreased below SMR. See elec-

tronic supplementary material for full experimental protocol and

statistical analysis.
3. Results
In C. atripectoralis, the PCTmax

was estimated using a piecewise,

two-segmented linear regression [6]. The PCTmax
was 37.9+

3.5 and 37.5+9.6 mmHg in normocapnia and elevated CO2,

respectively, with no significant difference between the two

groups (figure 1a; electronic supplementary material, table

S1). These values should be taken with some caution, however,

owing to the low number of points on either side of the inter-

cept. As such, PCTmax
in C. quinquelineatus and A. polyacanthus

was defined as the lowest oxygen tension that did not

cause a significant decrease in CTmax, when compared to the

species’ CTmax under normoxic conditions (figure 1b,c). In

C. atripectoralis, AS in normoxia was maintained between 29

and 358C (electronic supplementary material, table S1).

Exposure to a PwO2 of 75 mmHg reduced AS by approximately

34%, which was independent of water temperatures between

29 and 358C (figure 1; electronic supplementary material,

table S1). The PCTmax
of C. atripectoralis was 37 mmHg, which

is far below the oxygen tension sufficient to reduce AS by

34% (75 mmHg, figure 1a; electronic supplementary material,

table S1). Consequently, when C. atripectoralis reach their

CTmax under normoxic conditions, they still retain approxi-

mately 66% of their AS; the CTmax of C. atripectoralis
can therefore be classified as oxygen-independent [6]. In

C. atripectoralis, CTmax measured at corresponding PwO2

levels were not significantly different in animals acclimated

and measured at 1000 matm CO2 when compared to animals

at normocapnia. In C. quinquelineatus and A. polyacanthus,

CTmax values were maintained at oxygen tensions of 33.8

and 45.7 mmHg, respectively (figure 1b,c). These PwO2

values are far below oxygen tensions shown to reduce the AS

in C. atripectoralis and other fish species [6,12]. This suggests

that the CTmax for C. quinquelineatus and A. polyacanthus may

also be classified oxygen-independent.
4. Discussion
The upper thermal limits of C. atripectoralis, C. quinquelineatus
and A. polyacanthus were classified as oxygen-independent.
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Figure 1. Change in the critical thermal maximum (CTmax) (blue circles) with declining water oxygen tension (PwO2) (one-way ANOVA, p , 0.05), and the oxygen limit
for thermal tolerance (PCTmax ) (stars) in (a) C. atripectoralis (N ¼ 5), (b) C. quinquelineatus (N ¼ 5) and (c) A. polyacanthus (N ¼ 5). For (a) C. atripectoralis (N ¼ 8),
the critical oxygen tension (Pcrit) (grey triangles) increased with temperature, and the aerobic scope (AS) was maintained at normoxia (i.e. 0% reduction), reduced by
34% at 75 mmHg, and by 100% at the anaerobic transition line (grey dashed line) (see test and electronic supplementary material, table S1 for details). In (a) C.
atripectoralis, the CTmax that was measured above the anaerobic transition line was not significantly different from the CTmax measured at normoxia, but decreased
significantly with PwO2 when measured below the anaerobic transition line (one-way ANOVA, p , 0.05). In (a) C. atripectoralis (N ¼ 5), the hypoxia sensitivity of CTmax

was not affected by 14 days acclimation to elevated CO2 (red squares) (two-way ANOVA, p , 0.05). Values are means+ 1 s.e.m. Illustrations by Erin Walsh.
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A temperature-induced collapse of vital physiological func-

tions not directly related to cardiorespiratory oxygen

supply must therefore be the responsible for the CTmax of

these tropical, stenothermal species. Rising water tempera-

tures and decreasing PwO2 constrain AS by increasing SMR

and decreasing MMR, respectively. The ‘anaerobic transition

line’ defines the PwO2 where AS is zero (Pcrit) at correspond-

ing temperatures. In C. atripectoralis, when CTmax was

measured beyond the anaerobic transition, it continued to

decrease with PwO2 (figure 1a), suggesting that survival

beyond the anaerobic transition line would be time-limited

because animals are no longer able to sustain their baseline

aerobic metabolism. The PCTmax
is determined by the

oxygen supply capacity and a CO2-induced reduction in

oxygen supply capacity should therefore increase PCTmax
.

The lack of change in PCTmax
indicates that the effect of elev-

ated CO2 on oxygen supply capacity is either absent, or

insufficient to cause a significant change in PCTmax
. Ocean

acidification is therefore unlikely to act as a significant syner-

gistic stressor with hypoxia on the upper thermal limits of

this species. Importantly, the lack of significant change in

CTmax of C. atripectoralis in normoxia suggest that the thermal

tolerance of the physiological mechanisms responsible for

setting CTmax is also not affected by elevated CO2.

In conclusion, moderate environmental hypoxia, above

approximately 35 mmHg, and future ocean acidification

conditions should have little impact on the upper thermal
limits of these species and their resilience to transient heat

waves. By contrast, severe hypoxia, below approximately

35 mmHg, would be expected to constrain their upper ther-

mal limits. To the degree these tropical, stenothermal fish

species occupy the extent of latitudes tolerable within their

thermal range boundaries [1], our findings suggest that mod-

erate hypoxia and ocean acidification are unlikely to impact

their latitudinal distribution ranges via direct limitations on

their upper thermal limits.
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