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A B S T R A C T

Ocean acidification and warming, fueled by excess atmospheric carbon dioxide, can impose stress on marine
organisms. Most studies testing the effects of climate change on marine organisms, however, use extreme cli-
mate projection scenarios, despite moderate projections scenarios being most likely to occur. Here, we exam-
ined the interactive effects of warming and acidification on reproduction, respiration, mobility and metabolic
composition of polyps of the Irukandji jellyfish, Carukia barnesi, to determine the responses of a cubozoan
jellyfish to moderate and extreme climate scenarios in Queensland, Australia. The experiment consisted two
orthogonal factors: temperature (current 25°C and future 28°C) and pH (current (8.0) moderate (7.9) and ex-
treme (7.7)). All polyps survived in the experiment but fewer polyps were produced in the pH 7.7 treatment
compared to pH 7.9 and pH 8.0. Respiration rates were elevated in the lowest pH treatment throughout most of
the experiment and polyps were approximately half as mobile in this treatment compared to pH 7.9 and pH 8.0,
regardless of temperature. We identified metabolites occurring at significantly lower relative abundance in
the lowest pH (i.e. glutamate, acetate, betaine, methylguanidine, lysine, sarcosine, glycine) and elevated tem-
perature (i.e. proline, trigonelline, creatinine, mannose, acetate, betaine, methylguanidine, lysine, sarcosine)
treatments. Glycine was the only metabolite exhibiting an interactive effect between pH and temperature. Our
results suggest that C. barnesi polyps are unaffected by the most optimistic climate scenario and may tolerate
even extreme climate conditions to some extent.

© 2019.

1. Introduction

Excess atmospheric CO2 lowers pH and raises the temperature of
the oceans (Doney, 2010). Ocean acidification and warming are ex-
pected to intensify based on recent climate change projections (i.e.
Representative Concentration Pathways) (Hartmann et al., 2013;
Camp et al., 2018) and can stress marine fauna (Pörtner et al., 2005;
Pandolfi et al., 2011; Doney et al., 2012). Many experiments that aim
to test the responses of coastal biota to ocean acidification, however,
use experimental conditions that do not reflect conditions biota expe-
rience in the field (Wahl et al., 2016; Jarrold et al., 2017). For ex-
ample, experiments usually expose biota to constant levels of partial
pressure of CO2 (pCO2) predicted for oceanic environments (Wahl
et al., 2016). Coastal waters, however, usually experience large diel
fluctuations of pCO2 because photosynthesis, and uptake of CO2,
ceases at night (Waldbusser and Salisbury, 2014; Wahl et al., 2016).
Indeed, nocturnal levels of pCO2 can exceed the most dire climate
change projections (Duarte et al., 2013; Hughes et al., 2017; Jarrold
et al., 2017). Moreover, experiments usually test the most extreme cli-
mate change projections (e.g. Representative Concentration Pathway
(RCP) 8.5) when in fact moderate projections (e.g. RCP 2.6) are ac-
cepted as being more likely to occur (Hughes et al., 2017). Hence,
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to ensure their environmental relevance, experiments testing the ef-
fects of ocean acidification on coastal biota should mimic the diel fluc-
tuations in pCO2 that biota experience in the field and test a range of
possible climate change scenarios, from moderate to extreme.

Climate stressors can induce a range of sublethal responses that
manifest in morphology, physiology, behavior and other endpoints
(Rand, 1995). Such sublethal effects can impair fundamental
higher-level processes, such as reproduction, feeding, and predator
avoidance, all of which can ultimately lead to death (Rand, 1995;
Walker, 2008). Interactions between stressors must also be consid-
ered, since combined stressors may elicit different responses than in-
dividual stressors (Riebesell and Gattuso, 2015). For example, warm-
ing and low pH as isolated stressors had no effect on growth of polyps
of the coral Porites panamensis, but growth was significantly reduced
when polyps were exposed to both stressors simultaneously (Anlauf
et al., 2011). Whether stressors occur individually or combined, mol-
ecular and cellular initiating events represent the physiological ba-
sis for many higher-level effects related to their occurrence (Kültz,
2005). New analytical techniques such as untargeted metabolomics
have led to major breakthroughs in our ability to broadly explore the
mechanistic basis of how stressors influence molecular and cellular
processes (Viant, 2007; Bundy et al., 2009). Similarly, recent tech-
nological advances in image recognition have facilitated the study of
higher-level behavioral responses in aquatic species, including those
caused by a range of environmental stressors (Melvin and Wilson,
2013). Despite considerable advances in metabolomics and be
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havioral analysis techniques, few studies have combined these tools
to better understand how climatic stressors might influence aquatic
species.

Climate change stressors influence a variety of physiological and
behavioral responses of marine fauna (Nagelkerken and Munday,
2016). For example, the Caribbean coral Acropora cervicornis in-
creased feeding, increased lipid content and expanded the polyp body
and tentacles under elevated pCO2 (800ppm) to mitigate hypercapnia
stress (Towle et al., 2015). The behavior of some species is also nega-
tively affected by exposure to elevated pCO2. For example, larval fish
altered swimming patterns and reduced velocity and swimming dura-
tion (Rossi et al., 2015; Nagelkerken and Munday, 2016) and the scle-
ractinian coral Stylophora pistillata reduced feeding rate (Houlbrèque
et al., 2015) when exposed to elevated pCO2. Furthermore, climate
stressors may act synergistically to debilitate marine invertebrates in-
cluding mollusks, echinoderms and cnidarians (Byrne et al., 2017). A
meta-analysis of the interactions of warming and acidification on the
early life stages of marine invertebrates revealed that synergistic inter-
actions are common (76% of the studies examined) since low pH can
induce sublethal effects such as reduced growth and impaired metab-
olism, which may be exacerbated if thermal thresholds are exceeded
(Przeslawski et al., 2015; Byrne et al., 2017). Climatic stressors such
as increased temperature and low pH may induce metabolic depres-
sion since maintaining acid-base equilibria under such conditions is
physiologically costly (Portner, 2008). Unless adaptations are present,
this metabolic depression may lead to negative physiological perfor-
mance or death. This concept however, requires testing the physio-
logical and metabolomic responses of biota under different levels of
a stressor, e.g. low or high pCO2 (Kroeker et al., 2013; Sogin et al.,
2016).

Jellyfish are a conspicuous component of coastal marine ecosys-
tems and are renowned for causing spectacular and, sometimes prob-
lematic, blooms. Jellyfish exhibit varied physiological and behavioral
responses to ocean acidification (Klein et al., 2014; Algueró-Muñiz et
al., 2016; Tills et al., 2016). Large differences in responses have even
been detected within species. For example, some studies have shown
that the physiology and behavior of ephyrae (juvenile medusae) of the
common Moon jellyfish, Aurelia aurita, are unaffected by extreme
pCO2 (up to 4000–5000 μatm) (Kikkawa et al., 2010; Algueró-Muñiz
et al., 2016), whereas Tills et al. (2016) observed reduced pulsation
and swimming of A. aurita ephyrae at much lower (but still elevated)
pCO2 levels (~1000 μatm). These studies indicate that physiology and
behavior are sensitive endpoints in organisms exposed to ocean acidi-
fication and warming, but the discrepancies in the literature highlight
a need for more research on the topic, with rigorous control of experi-
mental conditions.

Some studies suggest that jellyfish are robust to climate change
stressors (see Klein et al., 2014; Algueró-Muñiz et al., 2016; Klein et
al., 2017) however, relatively few species have been tested and the
responses of those species may not reflect the majority of jellyfish
species (Pitt et al., 2018). Carukia barnesi is arguably the most eco-
nomically and medically important cubozoan jellyfish species found
in northern Queensland, Australia (Courtney et al., 2016a). C. barnesi
is carybdeid cubozoan with translucent bell covered with prominent
mamillations (or warts) (Southcott, 1967; Underwood and Seymour,
2007). Like all cubozoans, C. barnesi has a metagenic life cycle that
consists of pelagic medusa and benthic polyp stages. The medusae
occur seasonally along north-eastern Australia typically from No-
vember to May (Courtney et al., 2016a) but the polyps have never
been located in the field. The polyps can reproduce asexually through
the production of swimming polyps that develop as lateral buds that
break free from the parent polyp and swim away (Courtney

et al., 2016a). After several days, swimming polyps will settle on fa-
vorable substrate and develop back into mature polyps. C. barnesi
medusae can invoke Irukandji syndrome, a suite of debilitating symp-
toms that are occasionally fatal and may require treatment in hospi-
tal (Pereira et al., 2010; Courtney et al., 2016a). C. barnesi is consid-
ered responsible for most of the Irukandji envenomations in northern
Queensland (Gershwin et al., 2013) and the estimated annual cost of
treating Irukandji stings in northern Australia alone is AUD 1–3 mil-
lion (Fenner, 1999; Carrette et al., 2012). Responses of only one other
species of cubozoan jellyfish (polyps of Alatina alata) to ocean acid-
ification and temperature scenarios have been studied (Klein et al.,
2014, 2017). They found that A. alata polyps generally survived ex-
treme ocean acidification and temperature scenarios but that their fit-
ness (in terms of rates of asexual reproduction, feeding and respira-
tion) was impaired. Given the medical and economic importance of
Irukandji species, it is imperative that we study the responses of a
range of Irukandji species, and focus particular attention on sub-lethal
responses.

We examined individual and combined effects of ocean warming
and acidification on behavior, survival, asexual reproduction, respira-
tion, and metabolic composition of polyps of Carukia barnesi. We hy-
pothesised that polyps exposed to high pCO2 and elevated temperature
in combination would be less mobile, have lower rates of asexual re-
production and higher rates of respiration. We also hypothesised that
metabolite composition of polyps in high pCO2 and elevated tempera-
ture in combination would vary from those of the other treatments.

2. Materials and methods

2.1. Experimental design

The experiment consisted of two orthogonal factors: temperature
[two levels: current (25°C) and future (28 °C)] and pH [three levels:
current (8.0) moderate (7.9) and extreme (7.7)]. The experiment was
conducted in a controlled temperature (CT) laboratory maintained at
22°C, with aquaria placed in individual water baths that were heated
with submersible heaters to achieve the desired temperatures. The am-
bient temperature (25 °C) was based on present-day temperatures of
the most likely habitat of C. barnesi polyps in Northern Queensland
(Courtney et al., 2016b). The high temperature treatment was based
on the A1F1 scenario for the sea surface temperature increase of Aus-
tralia (except for southern waters of Australia) (Reisinger et al., 2014).
The pH treatments were based on target atmospheric CO2 concentra-
tions (in ppm) including 400 (for current pH), 500 (the highest con-
centration of optimistic greenhouse gas emission for at least the next
century (IPCC, 2014; Hughes et al., 2017)) and 1000 (the most ex-
treme (RCP 8.5) scenario (IPCC, 2014).

2.2. Experimental animals

Polyp cultures used in the experiment originated from planula lar-
vae that were collected from adult C. barnesi medusae sampled near
Double Island, North Queensland, Australia (16°43.50S, 145°41.00E)
during January and December 2014 and April 2015 (Courtney et
al., 2016a). Swimming polyps (i.e. mobile buds that detach from
polyps) (Courtney et al., 2016a) from laboratory cultures maintained
at ~25 °C and salinity ~35 PSU were transferred to 25mL plastic
petri dishes, where they metamorphosed into attached polyps. Two
polyps were also settled on abraded plastic plates (6mm width, 23mm
length) and one plate was placed within an uncapped 4mL respiration
vial to use for respiration measurements. One polyp dish with 15 at
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tached polyps and two respiration vials (one that contained a plate
with polyps and one with a plate lacking polyps) were immersed
within 1L beakers and eight replicate beakers were randomly assigned
to each treatment. Prior to the experiment, polyps were gradually tran-
sitioned into their experimental conditions. Polyps were transitioned
into the warmer treatments at a rate of 1°C d−1 and into their lower
pH treatments at a rate of 0.1 and 0.15 pH per day respectively for
the moderate and extreme pH treatments. Every third day polyps were
transferred to separate aquaria and fed newly hatched Artemia sp. nau-
plii that had been hatched from cysts in the laboratory. Each replicate
polyp dish was allocated ~50 nauplii. Polyps were observed using a
dissecting microscope, and the number of polyps and their develop-
mental stage (i.e. parent polyp, budding or partial fission, swimming
polyp, medusa) were recorded. During feeding, polyps were main-
tained at the appropriate temperature and pH treatments using water
from their respective aquaria and water baths.

2.3. Manipulation and analysis of seawater chemistry

To achieve the desired water chemistry of each treatment, a se-
ries of gas proportioners were used to deliver CO2, N2, and O2 gas
to seawater. The desired gas compositions were mixed from individ-
ual gas cylinders using 12 Omega mass flow controllers (FMA-5400s,
0–20mL min−1 (CO2), 0–5L min−1 (N2), 0–2L min−1 (O2) (Bockmon
et al., 2013). Ambient DO and pH values and the magnitude of daily
cycles were based on empirical measurements of diel variability at
Moreton Bay, Queensland (27.13° S, 153.07° E) in November 2014,
and observations in a lagoon at Heron Island in the southern Great
Barrier Reef (Georgiou et al., 2015). Salinity, temperature, dissolved
oxygen (DO), and pH were measured in all experimental aquaria at
12:00 and 19:00 every third day. Salinity and temperature were mea-
sured using a conductivity–salinity meter (TPS salinity–conductiv-
ity meter, MC-84) and thermometer, respectively. DO concentrations
were recorded using an optic DO sensor (OptiOx, Mettler Toledo Ltd)
and pH was measured using a Five Go pH meter (Mettler Toledo Ltd)
equipped with an Inlab Expert Pro Electrode (Mettler Toledo Ltd).
Every 2–3d, pH electrodes were calibrated using TRIS/HCl buffers
in synthetic seawater to ensure accurate measurements of pH in the
seawater carbonate system (Dickson et al., 2007). To accurately mea-
sure diel patterns of pH during the experiment, pH measurements were
taken hourly (between 0600 and 1800h) from one randomly selected
replicate from each of the treatments once per week (Supplementary
Fig. 1). Every third day, a 100-mL water sample was collected for to-
tal alkalinity (TA) analysis from one randomly selected replicate from
each of the treatments (Supplementary Table 1). Samples of seawater
were collected in clean amber glass bottles using a drawing tube and
overfilled for 10s to minimise gas exchange between the sample wa-
ter and the atmosphere. Samples were filtered through 0.22-μm filters,
sealed tightly, and immediately analysed. Samples for TA (80 mL)
were analysed using a Mettler Toledo titrator, which was calibrated
using TRIS/HCl buffers in synthetic seawater and verified with certi-
fied TA reference material (provided by A. G. Dickson, batch#162).

2.4. Respiration measurements

Respiration rates of the two polyps attached to the respiration
plates were measured on day 0 and every 1–3days thereafter. Oxygen
consumption was also measured in control vials (i.e. without polyps)
to account for the respiration of bacterial communities and other mi-
croorganisms that may have formed during the experiment. Prior to
measurements, vials were removed from their aquaria and inspected.

Any newly produced polyps were removed so that only the original
two parent polyps remained. The water within each vial was filled to
overflowing with 0.22μm filtered seawater of the appropriate treat-
ment and then sealed. Oxygen concentrations were measured using a
FireSting O2 optode (Pyroscience, Germany) at the beginning and end
of a three-hour dark incubation. Oxygen consumption rates were mea-
sured per polyp (unit: ng O2 polyp−1 h−1).

2.5. Video recording and analysis of polyp movements

Movements of one polyp per replicate were quantified at the be-
ginning and end of the experiment. Polyps were recorded using the
S-eye software installed in a CellPad tablet attached to a dissecting
microscope (Prism Optical). A special recording chamber was con-
structed, consisting of a piece of black cardboard fixed to the bottom
of the polyp dish with the dish placed on the illuminated microscope
stage (Supplementary Fig. 2). This set-up enabled light to surround the
edge of the dish but not penetrate directly through the dish, thereby in-
creasing contrast. A white paper cone was placed on top of the dish to
disperse light to the polyps (Supplementary Fig. 2). The videos were
analysed using the software Ethovision XT 9.0 (Nodulus Information
Technology, Netherlands). The mobility of polyps (%) was calculated
as:

where,
CAn = number of changed pixels between previous and current

samples.
An−1 = number of pixels in previous sample.
An = number of pixels in current sample.
Extract from newly hatched Artemia nauplii was administered to

the polyp dish to stimulate feeding behavior and movement of polyps.
The extract was prepared from a solution of 50 Artemia per ml of
filtered seawater that was homogenised using a mortar and pestle
(crushed by 30 rotations of pestle) and passed through a 0.20μm fil-
ter. The method was adapted from a method used to stimulate feeding
in Hydra vulgaris (Pierobon et al., 2004) and tested in a pilot study,
which showed polyps were 67% more mobile (ANOVA F = 26.236,
p< 0.001) in the presence of Artemia sp. crude extract. The polyps
were acclimated for at least 2min after the Artemia extract was added
and then filmed for 15min.

2.6. Metabolomics

Twelve polyps from each replicate were harvested at the end of the
experiment and pooled for analysis of polar metabolites via Nuclear
Magnetic Resonance (NMR) spectroscopy. The polyps were quickly
transferred to 2.0mL micro-centrifuge tubes, blotted with a Kimwipe,
weighed (mg) and 400μl of cold methanol was added and samples
stored overnight at −20°C. The next day samples were sonicated to
enhance metabolite extraction and centrifuged (10min, 15,000 rpm at
4°C). After centrifugation, the supernatant was transferred to glass
amber vials and dried in a centrifugal evaporator (GeneVac). Dried
samples were reconstituted with deuterium oxide (D2O) containing
0.05% sodium-3-(tri-methylsilyl)-2,2,3,3-tetradeuteriopropionate
(TSP) as an internal standard. Samples were vortexed and super-
natants were transferred to 3mm Nuclear Magnetic Resonance (NMR)
tubes using glass pipettes. A blank containing 100mL Milli-Q wa-
ter was put through the full extraction and analytical
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workflow to ensure no contamination resulting from sample process-
ing or NMR spectroscopy.

NMR spectra were acquired with an 800MHz Bruker® Avance
III HDX spectrometer. The system was equipped with a Triple (TCI)
Resonance 5mm Cryoprobe with Z-gradient and automatic tuning and
matching, and a SampleJet automatic sample changer controlled via
the software IconNMR™ (Bruker Pty Ltd., Victoria, Australia). Spec-
tra were acquired at 298K, using D2O for field locking and TSP
(1H δ 0.00) as an internal reference. 1H spectra were acquired us-
ing the zg30 pulse program with 256 scans, 0.8 s relaxation delay,
7.75μs pulse width and 16kHz spectral width (1H δ −3.75–16.28).
Edited 1H 13C HSQC spectra were acquired for a pooled sample us-
ing the pulse sequence hsqcedetgpsisp2.2 with 160 scans, 1.5 s relax-
ation delay, 7.83μs pulse width and spectral widths of 12.8kHz (1H δ
−3.23–12.79) and 33.1kHz (13C δ −9.40–155.2).

MestReNova v8.1.4 (Mestrelab Research S.L., Spain) was used
for post processing of NMR spectra. 1H NMR free induction decay
(FID) data were Fourier transformed with line broadening of 0.3Hz
and HSQC spectra were processed with default Bruker post-process-
ing parameters. All spectra were manually phase corrected, automat-
ically baseline adjusted (ablative), and referenced and normalised to
TSP (1H δ 0.00, 13C δ 0.0). Once processed, individual features (res-
onances) were manually integrated and normalised to the mass of
polyps used for extractions to provide a comparative measure of the
relative abundance of metabolites.

2.7. Statistical analyses

Differences in the number of swimming polyps (as an indicator of
asexual reproduction), respiration rates (ng O2 polyp−1 h−1) and per-
cent (%) mobility of polyps were analysed using repeated measures
linear mixed models (LMMs) in SPSS. The fixed factors were pH,
temperature, and day (1−13) as repeated measure. Goodness-of-fit sta-
tistics (e.g. −2 restricted log likelihood, Akaike's Information Criterion
and Bayesian information criterion) were used to determine the model
of best fit. Normality and homoscedasticity of data were checked us-
ing standardised residual and Q–Q plots and data were either ln or ln
(x + 1) transformed. Estimated marginal means (post hoc comparisons
of least-squares means) were used to determine which means differed.

Metabolomics data were analysed for visual separation of treat-
ment groups using MetaboAnalyst 4.0 (Xia and Wishart, 2016). Af-
ter log normalisation and auto-scaling of the data, Permutational Mul-
tivariate Analysis of Variance (PerMANOVA) in Primer 7, Princi-
pal Component Analysis (PCA) and supervised Partial Least Squares
Discriminant Analysis (PLS-DA) were performed to identify over-
all differences in the metabolite profiles of polyps from the different
treatment groups. Individual metabolites were further analysed using
two-way ANOVAs in SPSS and Tukey's HSD post-hoc test was used
to identify the treatments that differed.

3. Results

3.1. Survival and asexual reproduction

All polyps of C. barnesi survived the experiment and swimming
polyps were produced in all treatments. Temperature and pH both in-
fluenced the number of polyps produced over time, but there was no
interaction between them (Table 1). At the end of the experiment, ap-
proximately twice as many polyps were being produced at 25°C than
at 28°C (Fig. 1a) and the pH 7.7 treatment produced fewer polyps than
the pH 7.9 and pH 8.0 treatments (Fig. 1b).

Table 1
Summary of results of a linear mixed-models analysis of the number of swimming
polyps (n = 48) produced in each day (days 2, 5, 8 and 11) between treatments in the
experiment.

Source
Numerator
df

Denominator
df F p

pH 2 35.58 15.61 0.182
Temperature 1 71.73 16.41 0.104
Day 1 98.22 1.40 0.169
pH × temperature 2 35.58 0.697 0.980
pH × day 2 32.56 3.60 <0.001
Temperature × day 1 98.22 17.36 <0.001
pH × temperature × day 2 32.56 0.109 0.897

The model of best fit is AR (1) Heterogeneous: −2 Restricted Log Likelihood = 61.636,
Akaike's Information Criterion (AIC) = 117.636.

df = degrees of freedom.
p values in bold are statistically significant (p< 0.05). Data were ln (x+ 1) transformed.

Fig. 1. Number of swimming polyps (mean ± SE) recorded per day in the experiment.
Letters above data points indicate similarities (e.g. AA) and differences (e.g. AB) be-
tween temperature (a) and pH (b) treatments within each day based on estimated mar-
ginal means.

3.2. Respiration rates

Respiration rates were slightly elevated in the high temperature
treatment on days 1, 4 and 8 but were otherwise similar throughout
the experiment (Table 2: Fig. 2a). Respiration rates were elevated in
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Table 2
Summary of results of a linear mixed-models analysis of the respiration rates of polyps
in each day (days 0, 1, 4, 7, 8, 10 and 13) between treatments in the experiment.

Source
Numerator
df

Denominator
df F p

pH 2 64.964 73.383 <0.001
Temperature 1 64.964 13.052 <0.001
Day 6 26.304 34.861 0.001
pH × temperature 2 64.964 4.958 <0.001
pH × day 12 26.304 28.115 <0.001
Temperature × day 6 26.304 5.980 <0.001
pH × temperature × day 12 26.304 1.738 0.115

The model of best fit is Diagonal: 2 Restricted Log Likelihood = −241.319, Akaike's
Information Criterion (AIC) = −227.319.

df = degrees of freedom.
p values in bold are statistically significant (p< 0.05). Data were ln transformed.

Fig. 2. Respiration rates of polyps (mean ± SE) in the temperature (25°C, 28°C) (a) and
pH (8.0, 7.9, 7.7) (b) treatments throughout the experiment. Letters above data points
indicate similarities (e.g. AA) and differences (e.g. AB) between temperature and pH
treatments within each day based on estimated marginal means.

the lowest pH treatment throughout most of the experiment, but de-
clined and converged towards those in the medium and high pH treat-
ments by the end of the experiment (Table 2; Fig. 2b). There was
no significant interaction between pH, temperature and time in the
full-factorial model (Table 2).

3.3. Mobility

Polyps were approximately half as mobile in the lowest pH treat-
ment, regardless of temperature, compared to those at pH 7.9 and
pH 8.0. At 25°C polyps in the pH 8.0 treatment were slightly less mo-
bile than those in the pH 7.9 treatment (Table 3: Fig. 3). At 28°C,
polyps were less than half as mobile as those at pH 7.9 and pH 8.0
(Table 3: Fig. 3).

Table 3
Summary of results of a linear mixed-models analysis of the mobility of polyps before
and after exposure to pH and temperature treatments in the experiment.

Source
Numerator
df

Denominator
df F p

pH 2 40.571 38.88 <0.001
Temperature 1 40.571 0.036 0.851
Before v. after 1 40.571 18.61 <0.001
pH × temperature 2 40.571 4.79 0.014
pH × before v. after 2 40.571 27.72 <0.001
Temperature × before v.

after
1 40.571 2.67 0.110

pH × temperature × before v.
after

2 40.571 2.26 0.117

The model of best fit is Diagonal: −2 Restricted Log Likelihood = −36.638, Akaike's
Information Criterion (AIC) = −32.638.

df = degrees of freedom.
p values in bold are statistically significant (p< 0.05). Data were ln transformed.

Fig. 3. Percent (%) mobility of polyps (mean ± SE) in different levels of pH in ambient
(25 °C) (blank bars) and elevated (28°C) (black bars) temperature scenarios. Averages
were calculated from % mobility before and after exposure to experimental treatments.
Letters above error bars indicate similarities (e.g. AA) and differences (e.g. AB) be-
tween pH treatments in each temperature condition based on estimated marginal means.
ABC indicate similarities or differences between the 25° treatment and ‘abc’ for the 28°
treatment.
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3.4. Metabolomics

Acetate, arabinose, betaine, caproic acid, creatine, homarine,
isoleucine, glutamate, glutamine, glycine, lysine, malonic acid, man-
nose, methylguanidine, proline, sarcosine, taurine, trigonelline, tyro-
sine and valine were identified in the polyps. While the PerMANOVA
was not significant at α= 0.05, there was a strong trend in the data
(p= 0.07) (Table 4), and visualisation using PCA and sPLS-DA sug-
gested some differences in metabolite profiles between treatments
(Supplementary Fig. 3). As such, we determined that it was appropri-
ate to proceed with statistical analysis of individual metabolites. The
ANOVAs of individual metabolites revealed that twelve metabolites
varied among treatments (Supplementary Table 2). Acetate, betaine,
glycine, methylguanidine, lysine, and sarcosine were relatively less
abundant in the pH 7.7 treatment compared to ambient pH (pH 8.0,
Fig. 4). Proline, trigonelline, creatinine, mannose, acetate, betaine,
methylguanidine, lysine, and sarcosine also occurred in lower relative
abundance in the 28°C treatment compared to the ambient tempera-
ture (25 °C) treatment (Fig. 5). Glycine was the only metabolite that
exhibited significant interactive effects of pH and temperature treat-
ments. Glycine in the pH treatments at 28°C was significantly less
abundant than those of pH 8.0 at 25°C (Fig. 6).

Table 4
PerMANOVA model of metabolites of Carukia barnesi polyps exposed to pH and tem-
perature treatments.

Source df
Sum of
squares

Mean
square F p

pH 2 265.3 132.65 2.0778 0.079
Temperature 1 167.11 167.11 2.6176 0.076
pH × temperature 2 128.24 64.12 1.0044 0.36
Residual 41 2617.4 63.84
Total 46 3174

df degrees of freedom.
p values in bold are statistically significant (p< 0.05).
Based on 10,000 permutations and Bray-Curtis distance.

4. Discussion

We found that polyps of Carukia barnesi can survive and repro-
duce under even the most extreme climate scenario predictions (low-
est pH and elevated temperature), yet we detected several sublethal
responses that might influence their overall fitness. Sublethal effects
included reduced asexual reproduction, increased respiration rates, re-
duced mobility and suppression of individual metabolites in extreme
conditions. For the most part, effects occurred in response to the stres-
sors individually (i.e., pH or temperature), thus failing to support our
hypotheses that sublethal responses would manifest when polyps were
exposed to combined stressors. Moderate pH also had minimal effect,
highlighting the importance of testing the moderate climate scenarios,
which are most likely to occur.

Although all polyps survived the experiment, reproductive rates
(i.e. production of swimming polyps) were reduced under the lowest
pH (7.7) and warm temperature (28 °C) treatment. Under pH 7.7, the
mobility of polyps was inhibited and respiration rates increased. These
findings are consistent with observations of polyps of Alatina alata,
the only other species of cubozoan for which the interactive effects
of ocean acidification and warming have been studied (Klein et al.,
2017).

Some marine fauna increase respiration rates to compensate for
increased metabolic demands caused by exposure to elevated pCO2
and temperature (Wood et al., 2008). This ability may help organ-
isms maintain fitness under stressed conditions. Consistent with our
findings, respiration rates of the copepod Centropages tenuiremis in-
creased to meet the demand of increased feeding rates at pH 7.83
(~1000 μatm pCO2; Li and Gao, 2012). However, the respiration of
polyps decreased near the end of the experiment, which may suggest
that the most extreme treatment exerted deleterious effects on physio-
logical mechanisms that maintain fitness of polyps. This also perhaps
reduced the production of polyps in the extreme pH treatment as re-
production requires normal physiology and metabolism.

Reduced mobility of polyps exposed to the most extreme pH ap-
peared to be caused by the polyps' tentacles being less active, indi-
cating that polyps exposed to extreme ocean acidification may be less

Fig. 4. Relative abundance of metabolites that exhibit significant responses to pH treatments. Boxplots represent the interquartile range, median (horizontal line), min and max
(whiskers), and average (+). Letters above whiskers indicate similarities (e.g. AA) and differences (e.g. AB) among the treatments based on Tukey's HSD test.
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Fig. 5. Relative abundance of metabolites that exhibit significant response to temperature treatments. Boxplots represent the interquartile range, median (horizontal line), min and
max (whiskers), and average (+). Letters above whiskers indicate similarities (e.g. AA) and differences (e.g. AB) between the treatments based on estimated marginal means output
of two-factor ANOVA.

Fig. 6. Relative abundance of glycine that exhibit significant response to interaction of
pH and temperature treatments. Boxplots represent the interquartile range, median (hor-
izontal line), min and max (whiskers), and average (+). Letters above whiskers indicate
similarities (e.g. AA) and differences (e.g. AB) between the treatments based on esti-
mated marginal means output of two-factor ANOVA.

capable of capturing prey. Reduced feeding activity under extreme pH
(7.7–7.75) has been observed in the scleractinian corals Stylophora
pistillata (Houlbrèque et al., 2015) and Galaxea fascicularis (Smith
et al., 2016), which was potentially caused by elevated pCO2 hinder-
ing neurotransmitter function and, thereby, movements of the corals.
Elevated pCO2 can impair neurosensory functions in fish and ma-
rine invertebrates (Nagelkerken and Munday, 2016). Here, we pre

sent evidence that it may impair neuromuscular functions as well, al-
though the exact mechanism still needs to be determined.

4.1. Effects on the metabolome of jellyfish polyps

Metabolites are associated with many fundamental metabolic
processes and, as such, the reduced abundance of some metabolites
in polyps exposed to warmer temperature and elevated pCO2 may
indicate impaired metabolic functioning in response to extreme cli-
mate conditions. Trigonelline, for example, regulates the production
of polyps in hydrozoans (e.g. Hydractinia spp., Eirene spp. (Berking,
1991; Pfeifer and Berking, 2002) whereas betaine, which decreased
in the extreme pH treatment, protects cells from osmotic and thermal
stress (Burg and Ferraris, 2008). The reductions in these metabolites
suggests that reproduction of C. barnesi jellyfish in the future may be
impaired, which could ultimately reduce their populations.

The metabolites suppressed by exposure to low pH and elevated
temperature were similar to many of the metabolites that decreased
in the scleractinian corals Montipora capitata and Pocillopora dami-
cornis exposed to low pH (7.6–7.35) conditions (Putnam et al., 2016).
Our results are also consistent with those of many marine inverte-
brates such as bivalves and cephalopods that tend to suppress metabo-
lism under low pH (Portner, 2008). In contrast, the metabolic suppres-
sion observed in our study is inconsistent with increased abundances
of metabolites including glycine documented in the mussel Mytilus
edulis exposed to low pH conditions (pH 7.8) (Ellis et al., 2014). The
observed decrease in proline in the elevated temperature treatment of
the current study also differs from increased proline identified in the
soft coral Sarcophyton ehrenbergi and Sarcophyton glaucum (with-
out endosymbionts) under low pH (pCO2 = 1200ppm) and high tem-
perature treatments (32 °C to 36°C) (Farag et al., 2016). In the pre-
sent study, decreased proline may reflect that this metabolite was be-
ing used to produce glutamate (Brosnan and Brosnan, 2013), which
increased in the extreme pH treatment.

The decrease of amino acids may indicate impaired protein syn-
thesis, and indeed this helps to explain the reduction in protein con-
tent previously observed in Alatina alata polyps exposed to low pH
condition (Klein et al., 2017). Moreover, this observation is consis
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tent with the reduction in asexual reproduction, since this process re-
quires normal protein synthesis (Langenbuch et al., 2006). The results
here contrast with those of a study that found increased amino acids
in mussels exposed to hypercapnia conditions (Ellis et al., 2014). That
study suggested that the change of amino acid composition is part of a
normal adaptation of the animal to fluctuating water conditions in es-
tuarine habitats (Ellis et al., 2014). If the composition of amino acids
indicates acclimation to highly variable conditions, Irukandji jellyfish
polyps may have limited tolerance to varying conditions in warm es-
tuaries where they are hypothesised to occur (Courtney et al., 2016a).

Glutamate appears sensitive to changes in extracellular pH in
polyps, much as it is in mammalian tissues during extracellular aci-
dosis (Kamm and Strope, 1972; Curthoys and Lowry, 1973: Brosnan,
2000). The increase in glutamate we observed is similar to that found
in the mussel Mytilus edulis exposed to low pH (7.8) (Ellis et al.,
2014). As indicated, increased glutamate is likely associated with
the decrease in proline observed in this study. Taken together, this
may suggest reduced glycolysis since cells can rely on glutaminol-
ysis for energy production (Yang et al., 2017) and glutamate, pro-
duced through this process, compensates for cellular damage dur-
ing stress like acidosis (Krebs and Bellamy, 1960; Melatunan et al.,
2011; Brosnan and Brosnan, 2013). Other observed metabolite al-
terations are also consistent with broad effects on energy metabo-
lism and cellular homeostasis. For example, several amino acids and
the carbohydrate mannose decreased. Such effects are not uncommon
in metabolomics studies due to the role common metabolites play
in energetics and other cellular processes, but they highlight the en-
ergetic costs required for maintaining fitness under stress (Farag et
al., 2016). Indeed, such maintenance often occurs through compen-
satory mechanisms associated with individual metabolic suppression
(Portner, 2008). This compensation may have ultimately manifested
at the organism level as reduced rates of asexual production of polyps
in the lowest pH and elevated temperature treatments. Indeed, similar
processes were identified in sipunculid worms, which reduced protein
synthesis and metabolic rate to compensate for the effects of extracel-
lular acidosis (Langenbuch et al., 2006).

Our findings support other studies that have concluded that moder-
ate climate scenarios have minimal effects on marine biota (Hamilton
et al., 2017; Lopes et al., 2018). For example, the juvenile rockfish Se-
bastes caurinus exposed to moderate pCO2 (~750 ppm) exhibited no
changes in behavioral lateralization (left vs. right turning decision),
swimming speed or expression of regulatory genes (Hamilton et al.,
2017), although the pCO2 used was somewhat higher than the most
optimistic scenario (IPCC, 2014; Hughes et al., 2017). Moderate cli-
mate scenarios, therefore, may have minimal effects on animal physi-
ology and behavior. Indeed, the effects of pCO2 and warming on ma-
rine invertebrates have thresholds (Wood et al., 2008; Thomsen and
Melzner, 2010) and examining a range of scenarios, from moderate
to extreme, may help pinpoint thresholds above which fauna will re-
spond to climate change. Our findings show that the moderate sce-
nario did not reach the sublethal thresholds that manifested in the ex-
treme treatment perhaps due to adaptations to fluctuating pH condi-
tions that reach moderate levels of pCO2. Coastal or shallow waters
have large pCO2 fluctuations due to photosynthesis and tidal water
oscillations which can influence adaptation to slightly elevated pCO2
(Portner, 2008; Jarrold et al., 2017).

5. Conclusions

Our work used environmentally relevant simulations, sublethal re-
sponses and NMR spectroscopy in studying responses of Irukandji

jellyfish to predicted climate change conditions. Our results suggest
that Irukandji polyps will survive in moderate and extreme climate
conditions projected to occur by the year 2100, but that their rates
of asexual reproduction will be slower if temperatures warm by 2°C
and/or pH declines to ~7.7. If the moderate pCO2 scenario occurs
in the future, however, C. barnesi populations will likely persist and
continue to require management in northern Australia, particularly in
Queensland where most cases of Irukandji syndrome are attributed
to C. barnesi (Sando et al., 2010; Gershwin et al., 2013). The accli-
mation of other cnidarian species such as corals (Torda et al., 2017)
also strengthens the assumption that C. barnesi populations will per-
sist even in extreme conditions in the future. Although acclimation and
adaptation have not been tested here, it is possible that Irukandji pop-
ulations would be conditioned through phenotypic plasticity and/or
transgenerational acclimation (Torda et al., 2017). We emphasize the
need to test the responses of other Irukandji species to climate change
stressors using sublethal endpoints to determine their responses as a
taxon with similar ecological functions.
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