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ABSTRACT 

Marine stressors can cause negative impacts on physiology, behaviour, morphology, 

reproduction and survival of many invertebrate species. Key stressors include the 

concurrent rise of sea surface temperatures and lowering of pH, under the processes of 

ocean acidification (OA) and decreasing oxygen availability in the ocean. Changes to these 

fundamental variables in marine ecosystems may harm invertebrate populations and, in 

turn, threaten overall biodiversity. Jellyfish are a conspicuous component of marine 

ecosystems that provide numerous ecosystem services, and it is unclear how changing 

ocean conditions may affect their survival, physiology, and behaviour. To address this 

uncertainty, this thesis explores the effects of changing ocean conditions on a suite of 

biological and ecological responses of jellyfish. A series of experiments was performed to 

explore how changes in pH, dissolved oxygen (O2) and temperature might influence the 

behaviour, physiology, metabolism, and inter-species interactions involving jellyfish. The 

studies here may help elucidate the future proliferation and performance of jellyfish in 

response to anthropogenic marine stressors. This thesis tested three hypotheses: 1) That 

ocean warming and acidification will alter the behaviour, respiration rate and metabolite 

composition of jellyfish polyps (Chapter 2), 2) that coastal deoxygenation and elevated 

pCO2 will reduce settlement success and movement behaviour of jellyfish creeping polyps 

(Chapter 3), and 3) that elevated pCO2 will impair detection of jellyfish medusa by 

phyllosoma larvae of lobsters (Chapter 4). 

 

The individual and combined effects of ocean warming and acidification on 

behaviour, survival, asexual reproduction, respiration, and metabolic composition of polyps 
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of Carukia barnesi were examined in Chapter 2. My results demonstrate that polyps of C. 

barnesi can survive and reproduce under even the most extreme climate scenario 

predictions (lowest pH and elevated temperature) and several sublethal responses that 

might influence their overall fitness were detected. Sublethal effects included reduced 

asexual reproduction, increased respiration rates, reduced mobility and suppression of 

various endogenous metabolites in extreme conditions. For the most part, effects were 

observed to occur in response to the stressors individually (i.e., pH and temperature) but not 

in combination, thus failing to support the hypotheses that greater sublethal effects would 

manifest when polyps were exposed to combined stressors. Moderate pH also had minimal 

effect, highlighting the importance of testing moderate climate scenarios which are more 

likely to occur than predictions of extreme scenarios. These findings suggest that Irukandji 

polyps will likely survive in moderate and extreme climate conditions projected to occur by 

the year 2100, but that rates of asexual reproduction may be slower if temperatures warm 

by 2 °C and/or pH declines to ~7.7 or lower. 

 

Coastal deoxygenation (CD) and coastal acidification (CA) co-occur in many 

ecosystems because nutrient enrichment provides excess organic matter that intensifies 

aerobic respiration associated with decomposition, thereby depleting O2, increasing CO2 

and lowering pH. I therefore tested the individual and combined effects of CD and CA on 

the survival, number of tentacles, settlement success and movement behaviour of creeping 

polyps of the Irukandji jellyfish A. alata in Chapter 3. I found that CD increased survival 

rates, CD and CA in combination did not impair movement behaviour, and that both 

stressors independently increased rates of settlement. These findings suggest that more 
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creeping polyps of A. alata may settle in low pH and hypoxic conditions typical of those 

occurring in eutrophic tropical reef ecosystems.  

Evidence suggest that OA can affect symbiosis and prey recognition through 

disruption of sensory or nervous system functions. In Chapter 4, I tested whether OA 

impairs the survival and detection of jellyfish by predatory phyllosoma larvae of the lobster 

Thenus australiensis, and whether this in turn is related to changes in biochemical profiles 

of the lobster. Results show that extreme OA is detrimental to the survival and ability of 

lobster phyllosomas to interact with jellyfish. The phyllosomas had lower survival and 

moulting rates, spent more time away from jellyfish, and exhibited reduced respiration rates 

under extreme OA. The majority of water soluble (polar) metabolites were suppressed in 

moderate and extreme pH conditions. Phyllosomas will likely compensate for metabolic 

costs to thrive in future moderate OA conditions that will likely occur in marine 

ecosystems. If extreme OA were to occur, these results suggest that this may contribute to a 

reduction in the population of larval lobsters. Overall, this study contributes to 

understanding of underexamined potential effects of OA on interactions between jellyfish 

and invertebrate symbionts.  

 

In testing the various hypotheses, an overarching goal of my thesis was to use 

environmentally relevant simulations and novel analytical approaches to improve our 

understanding of sublethal responses and interactions involving jellyfish in response to 

coastal and global anthropogenic stressors associated with climate change. My findings 

disagree with many prior studies that have suggested that climate change and OA may 

benefit jellyfish. The findings here show that effects of anthropogenic stressors are 
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inconsistent across jellyfish taxa since other species do not exhibit impaired eco-

physiological responses under similar stressors. Responses of single species and inter-

species interactions to anthropogenic stressors may influence population success of jellyfish 

under increasing magnitude of oceanic and coastal stressors.  
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Marine ecosystems in the Anthropocene 

Ocean acidification (OA), warming and deoxygenation are major stressors of 

marine ecosystems in the Anthropocene (Bopp et al. 2013; Nagelkerken & Connell 2015; 

Campbell et al., 2017). Increasing concentrations of greenhouse gases (CO2, CH4, N2O, 

tropospheric ozone, chlorofluorocarbons and short-lived aerosols) trap heat radiation and 

raise sea surface temperatures (Doney et al., 2012). Rising temperatures may also lower 

dissolved O2 (DO) concentrations since solubility of gases is inversely proportional to 

temperature (Doney et al., 2012). Since CO2 permeates the ocean’s surface, increasing 

atmospheric CO2 concentrations reduce oceanic pH, a process referred to as ocean 

acidification (Pörtner et al., 2005; Gobler & Baumann, 2016). Ocean acidification can 

interact with warming and deoxygenation to alter ecosystems by changing inter-species 

interactions and causing biodiversity shifts such as changes in species distributions and 

abundances (Pörtner et al., 2005; Doney et al., 2012; Gobler & Baumann, 2016). 

 

The global average temperature based on the most likely emissions scenario is 

predicted to be 2.8 °C higher than that of the pre-industrial climate by the year 2100 (Cox 

et al., 2018). This prediction was based on an emergent constraint approach that uses an 

ensemble of complex Earth system models to accurately estimate the relationship between a 

modelled but observable variation in the Earth system and a predicted future change while 

accounting for variability of global-mean temperature (Cox et al. 2018). A 2 °C warming 

target set by the 2015 United Nations Climate Change Conference in Paris may be achieved 

but this level of change can still alter atmosphere-ocean dynamics such as wind patterns 

and ocean circulation (Doney et al., 2012; IPCC, 2014; Wilson et al., 2016). Elevated 
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temperature may also limit the physiology of organisms by increasing metabolic and 

foraging requirements and inducing injuries which may cause irreversible changes in 

behaviour (Doney et al., 2012; Nagelkerken & Munday, 2016). These effects can, in turn, 

produce harmful outcomes on marine ecosystems, such as habitat degradation and reduced 

ecological resilience (Doney et al., 2012; Wilson et al., 2016).  

 

Increasing atmospheric CO2 concentrations have altered oceanic carbonate systems 

and lowered the global average pH of ocean surface waters (Doney et al., 2012). As a 

result, oceanic pH has been reduced by about 0.1 units, from pH 8.21 to pH 8.10, in the last 

200 years (Rhein et al., 2013; Gobler & Baumann, 2016). Ocean acidification is well-

documented globally (Duarte et al., 2013; Gobler & Baumann, 2016) and most studies 

focused on calcifying organisms due to effects of carbonate chemistry and disruption of 

skeletogenesis (Pörtner et al., 2005; Gobler & Baumann, 2016). However, an increasing 

number of studies demonstrate that OA can impair physiology, such as the ability to 

regulate acid-base systems and behaviour of non-calcifying animals (Gobler & Baumann, 

2016; Nagelkerken & Munday, 2016; Tresguerres & Hamilton, 2017). Ocean acidification, 

therefore, poses specific threats to marine fauna and may potentially negatively alter marine 

ecosystems.  

 

Deoxygenation is another anthropogenic stressor (Breitburg et al. 2018) that can 

elicit negative outcomes in coastal areas, such as the formation of ‘dead zones’ (Gobler & 

Baumann, 2016). One of the major causes of this condition is excess nutrients in the water 

column, which stimulate organic matter production that fuels microbial respiration and 
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depletes dissolved O2 (Rabalais et al., 2010). The open ocean lost an estimated 2% or 77 

billion metric tons of oxygen over the past 50 years and oxygen minimum zones (OMZs) 

expanded by about 4.5 million km2 (Breitburg et al., 2018). The volume of water 

completely devoid of oxygen (i.e. anoxic) has more than quadrupled over the same period 

(Schmidtko et al., 2017; Breitburg et al., 2018). Furthermore, the microbial respiration of 

excess organic matter, elevates CO2 and thus lowers pH and carbonate ion availability 

(Gobler & Baumann, 2016). This process is called coastal acidification (Baumann et al., 

2015; Klein et al., 2020). Coastal acidification and deoxygenation, therefore, display 

similar dynamics (Baumann et al., 2015).  Both conditions are exacerbated in warmer 

months in coastal areas with enhanced respiration and thermal stratification, and in regions 

receiving excessive nutrient loads such as highly urbanized areas or river plumes (Cai et al., 

2011; Gobler & Baumann, 2016; Klein et al., 2020). These coastal stressors can exacerbate 

effects of open OA and oxygen loss (ocean deoxygenation), induced by CO2 emissions 

(Gobler & Baumann, 2016). Nevertheless, the increasing magnitude of nutrient-enrichment 

of nearshore waters, resulting in coastal deoxygenation and acidification, may harm marine 

organisms and eventually threaten coastal marine ecosystems (Gobler & Baumann, 2016; 

Breitburg et al., 2018). 

 

Realistic experimental simulations of marine stressors 

Stressors such as reduced pH and O2 levels exhibit spatial and temporal fluctuations 

and usually combine in the field (Riebesell & Gattuso, 2015; Jarrold et al., 2017). Levels of 

stressors vary due to physical and biological constraints such as water mixing and 

respiration (Riebesell & Gattuso, 2015). Marine fauna experiences these varying levels of 
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conditions, and thus proper simulation of natural conditions in experiments is necessary to 

accurately determine the effects of stressors on organisms (Przeslawski et al. 2015; Wahl et 

al., 2016).  

 

1. Diel fluctuations of pCO2 and pO2 

Many marine ecosystems experience large spatial and diel fluctuations of pCO2 and 

pO2 because photosynthesis, and uptake of CO2, ceases at night (Waldbusser & Salisbury, 

2014; Wahl et al., 2016). These large diel variations typically occur in coastal ecosystems, 

particularly those with limited water exchange such as lagoons. The magnitude of pH and 

O2 fluctuations can even exceed the most extreme climate scenarios predicted for the 

oceans (pH < 7.7, pCO2 > 1000 µatm, ~ 6 % loss of total oceanic O2) (Representative 

Concentration Pathways; IPCC, 2014; Baumann et al., 2015; Gobler & Baumann, 2016). 

Diel fluctuations are particularly prominent in coastal eutrophic conditions, but these are 

usually not incorporated in experiments, therefore these simulations may not accurately 

predict the responses of marine fauna to stressors (Gobler & Baumann, 2016). This may be 

related to challenges in simulating diel fluctuations in the laboratory including the precise 

control of water chemistry (Geraldi et al., 2020).  Some experiments that simulate hypoxic 

conditions, for example, use N2 to displace O2, but this approach also displaces CO2 from 

the system, which elevates pH in direct contrast with the chemistry occurring in natural 

conditions (Gobler & Baumann, 2016). Hence experiments that simulate hypoxia by 

bubbling aquaria with N2 may produce results that do not reflect what happens in the field 

(Gobler & Baumann, 2016; Klein et al., 2017). Therefore, researchers must strive to 
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properly mimic water chemistry including the fluctuations of pH and DO to accurately 

estimate responses of marine fauna to stressors.  

 

2. Moderate climate scenarios 

Atmospheric and climate change experiments usually test the most extreme climate 

projections (e.g. Representative Concentration Pathway (RCP) 8.5) when in fact moderate 

projections (e.g. RCP 2.6) are accepted as being more likely to occur (Hughes et al., 2017). 

Despite the current business-as-usual trajectory of emissions, recent climate models suggest 

that CO2 concentrations will reach between 143 and 820 ppm by year 2100 (Geraldi et al., 

2020). Although these moderate levels seem modest and researchers might not expect dire 

effects, outcomes of these climate scenarios are unknown for most marine animals (Hughes 

et al., 2017). Given the uncertainty of atmospheric CO2 trajectories, the ecological 

consequences of moderate scenarios, in addition to the extreme scenarios should be tested 

to confidently assess the responses of marine organisms to future acidification conditions 

(Hughes et al., 2017; Geraldi et al., 2020).  

 

3. Potential interactive effects of stressors 

Stressors can potentially combine to elicit effects that do not manifest when 

stressors are isolated (Riebesell & Gattuso, 2015; Byrne et al., 2017). For example, 

warming 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). Indeed, a meta-analysis of the 

interactions of anthropogenic stressors such as warming and acidification on the early life 
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stages of marine invertebrates revealed that synergistic interactions are common (76% of 

the studies examined) (Byrne et al., 2017). These potential interactive pathways by which 

stressors can harm marine organisms need to be examined including their responses to a 

range of stressors. 

 

Physiology and behaviour of marine animals in a changing ocean 

Environmental perturbations have influenced animals during evolutionary history, 

and the speed of human-induced changes challenge their survival (Tuomainen & Candolin, 

2011). Climate change may further interact with other environmental perturbations such as 

coastal acidification, deoxygenation and chemical pollution, and threaten the survival, 

behaviour and physiology of marine fauna (Nagelkerken & Munday, 2016). These 

biological threats in turn, can affect population maintenance and ultimately biodiversity 

(Tuomainen & Candolin, 2011).  

 

Anthropogenic stressors can impair the morphology, physiology, and behaviors of 

marine animals (Nagelkerken & Munday, 2016). Fish, for example, may have elevated 

blood plasma pCO2 after exposure to OA (Esbaugh et al., 2016). These effects can impair 

fundamental processes such as reproduction and feeding (Munday et al., 2013). Moreover, 

climate change stressors have, in some cases, reduced swimming activity and sensory 

perception of larvae of some marine fish species but effects are inconsistent (Nagelkerken 

& Munday, 2016). For example, elevated partial pressure of carbon dioxide (pCO2) (low 

pH) alters swimming patterns (duration, speed, and resting time), and velocity in several 

species of larval fish tested in the laboratory (Munday et al., 2013; Rossi et al., 2015; 
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Nagelkerken & Munday, 2016). In contrast, CO2 levels far beyond those projected for year 

2100 did not alter swimming patterns of juvenile or larval Atlantic cod Gadus morhua 

(Jutfelt & Hedgärde, 2015). Additionally, how these swimming activity responses from 

small-scale observations (i.e. laboratory experiments) apply to natural landscape scales 

such as coral reefs are still uncertain (Clements & Hunt, 2015; Nagelkerken & Munday, 

2016). Further research exploring physiological and behavioural responses to climate 

change stressors in marine organisms is, therefore, warranted. 

 

Larvae of many species of marine invertebrates and vertebrates rely on a range of 

sensory systems (e.g. olfactory, visual and auditory) to locate and select a settlement site 

(Huijbers et al., 2012). Ocean acidification can impair their ability to locate and select 

habitats at appropriate times (Nagelkerken & Munday, 2016). For example, elevated pCO2 

(675.1 ± 135.0; mean ± s.e. µatm) reduces swimming speed and impairs the ability of larval 

fish to detect  auditory cues from habitats (Rossi et al., 2016). Larval reef damselfishes also 

failed to recognize olfactory cues for locating reef habitat when exposed to elevated pCO2 

(~ 1,700 µatm) (Munday et al., 2009). While there is limited information of this nature for 

invertebrates (Clements & Hunt, 2015) such as jellyfish polyps, these examples 

demonstrate the importance of exploring the potential influence of climate change stressors 

on the physiology and behaviour of marine organisms. 

 

Ocean acidification and warming can alter predator detection and can subsequently 

impair the prey’s ability to escape (Dixson et al., 2010; Briffa et al., 2012;  Nagelkerken & 

Munday, 2016). Normally, juvenile reef fish can detect predator odours and chemical alarm 
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cues (such as chemical compounds from damaged epidermal tissue) produced by other 

individuals or predators (Munday et al., 2014). Instead, coral reef damselfishes exposed to 

elevated pCO2 (441–998 µatm) become attracted to predator odours (Munday et al., 2013). 

Under elevated pCO2  (1,675.1  135.0 µatm; mean  s.e.), juvenile reef fish exhibit 

increased activity and risky behaviour such as venturing further from shelter (Nagelkerken 

& Munday, 2016). Studies that examined the effects of elevated pCO2 on predator 

detection in marine invertebrates, however, have used very high pCO2 (pH 6.6–6.8, 

equivalent to more than 12,000 µatm pCO2) to mimic OA conditions (Watson et al., 2014; 

2017). However, moderately elevated pCO2 still can affect predator avoidance behaviour of 

some invertebrates (Watson et al., 2014). For example, the proportion of jumping conch 

snails that jump was reduced and the latency to jump to escape predators was increased in 

low pH conditions (961 µatm) (Watson et al., 2014). 

 

Ocean acidification and warming may have fundamental effects on foraging of 

several species of marine animals (Clements & Hunt, 2015). A predatory reef fish, for 

example, can recognize preferred prey species and this ability remains under high pCO2 

(984.7 µatm) (Nagelkerken & Munday, 2016). However, after exposure to combined high 

pCO2 (1006.7  10.6 µatm) and warming (31 C), they lose the ability to select prey and 

almost equal numbers of two prey species were consumed by the predators in a choice 

experiment (Ferrari et al., 2015). These observations appear similar to the combined effects 

observed in another study that showed increased feeding rates in juvenile anemonefishes 

under combined high pCO2 (960 μatm) and warming (31.5 C) stressors but reduced 

feeding rate with high pCO2 alone (Nowicki et al., 2012). In a recent study, the pygmy 
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squid, Idiosepius pygmaeus, and the bigfin reef squid, Sepioteuthis lessoniana exhibited an 

increased latency to attack and altered body pattern choice during the attack sequence at 

elevated pCO2 (~ 935 µatm) (Spady et al., 2019). These studies clearly demonstrate that 

reduced pH under OA can impair feeding and predatory behaviours in animal species and 

may elicit these negative effects to other marine species.    

 

Apart from warming and acidification, many species of marine animals exhibit 

diverse physiological and behavioural responses to deoxygenation (Shepherd et al., 2017). 

For example, mobile invertebrates such as the crabs Pilumnus spinifer and Pisidia 

longicornis emerge from hiding and aggregate at high points (e.g. on top of sponges and 

ascidians) to avoid low oxygen concentrations on the seafloor (Haselmair et al., 2010; 

Riedel et al., 2016). Others reduce oxygen demand by regulating metabolism, as in the 

decorator crab Ethusa mascarone whereas the sea urchin Psammechinus microtuberculatus 

discard their protective camouflage and had reduced mobility under low DO concentrations 

(Riedel et al., 2012; 2016). Furthermore, less mobile invertebrates that cannot escape 

hypoxia may adapt by changing their body shape or position (Riedel et al., 2016). For 

example, they may raise their respiratory structures (e.g. siphon-stretching in bivalves) 

higher in the water column to avoid low oxygen concentrations near the sediment surface or 

maximize surface-to-volume ratio (e.g. sea anemones) to improve oxygen diffusion (Shick, 

1991; Diaz and Rosenberg, 1995; Riedel et al., 2016).  
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Animal interactions under marine stressors 

Animal interactions support ecosystem functions since these enable acquisition of 

food, predator avoidance and regulate competition between interacting species (Ohtsuka et 

al., 2009). Symbiotic species may benefit from the interaction by, for example, using the 

host as shelter or protection from predators (Nagelkerken et al., 2016; Sundin et al., 2017). 

These interactions include the association of fish with medusae and dependence of 

anemone fish on sea anemones (Ohtsuka et al., 2009). However, stressors including OA 

can negatively alter these interactions through several mechanisms including direct effects 

on the animals such as impaired vision and olfaction of fish and indirect effects such as 

changes of chemical cues necessary for the detection of animal symbionts or prey involved 

in an interaction (Draper & Weissburg, 2019). For example, dogfish sharks (Mustelus 

canis) are repelled by, rather than attracted, to the chemical cues from prey and the foraging 

success of Port Jackson shark (Heterodontus portusjacksoni) was reduced under elevated 

pCO2 conditions (Dixson et al., 2015; Pistevos et al., 2015). Under low pH, some indirect 

physiological effects can impair predator-prey interactions (Draper & Weissburg, 2019). 

High pCO2 levels can decrease foraging success of the predatory brown crab (Cancer 

pagurus) due to elevated resting metabolic rates (Wang et al., 2018; Draper & Weissburg, 

2019). Although these examples indicate negative consequences in high atmospheric CO2 

on fish and crabs, these effects may manifest in other invertebrate species and can 

potentially impair inter-species interactions among animals. Hence, examining the effects 

of marine stressors on inter-species interactions is imperative. 
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Use of metabolomics in examining stress response 

Metabolomics can explore impacts of stressors on cellular endpoints such as 

changes in energy metabolism (Bundy et al., 2009). It involves analysing the composition 

of an organism’s low molecular weight organic compounds, called metabolites, within their 

tissues and biofluids. Abundance of metabolites may change in response to environmental 

factors such as growth, reproduction, temperature, and pH (Bundy et al., 2009). 

Metabolomic techniques can reveal status of metabolism of invertebrates (Sogin et al. 

2016). For example, the effects of elevated temperature and pCO2 on metabolism such as 

energy maintenance of bivalves (Ellis et al., 2014) and corals (Sogin et al., 2016) were 

examined using metabolomics. Molecular and cellular endpoints like protein synthesis and 

their changes due to stressors like climate change and OA may be examined with other 

biological responses such as survival and reproduction, to accurately determine effects of 

stressors on marine fauna (Sogin et al., 2016).  

 

Ecological importance of jellyfish 

 

Jellyfish are a conspicuous component of marine ecosystems and provide important 

ecosystem services. For the purpose of this thesis, I define “jellyfish” as medusae and 

polyps (sedentary or detached buds) of scyphozoans, cubozoans and hydrozoans. Many 

jellyfish exhibit a metagenic life cycle consisting of planktonic and benthic stages (Arai, 

1997) (Fig. 1). Specifically, the planulae and medusae are planktonic whereas sessile 

polyps are benthic. Jellyfish can reproduce asexually in several ways such as the production 

of juvenile planktonic jellyfish called ephyra into the water column under the process called 
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strobilation (Arai, 1997; Schiariti et al., 2014). Some species form podocysts either from 

planulae or under pedal discs, which allow them to survive under harsh conditions such as 

predation pressure by nudibranchs (Schiariti et al., 2014; van Walraven et al. 2020). The 

formation of populations of medusae depends on survival rates of precedent life stages such 

as planulae, benthic and creeping polyps and ephyrae. Thus, we should examine survival of 

all jellyfish life stages to determine the population dynamics and environment influencing 

jellyfish populations (Arai, 1997; Goldstein & Steiner, 2020). 

 

Ecological functions of jellyfish include the transfer of nutrients in the water 

column and regulation of populations of other species involved in inter-species interactions 

(Doyle et al. 2014). Jellyfish consume zooplankton prey and accumulate nutrients in their 

tissues (West et al., 2009) and after blooms occur, mass deposition of dead jellyfish tissues 

may reach the benthos and be consumed by detritivores, fueling otherwise carbon-deprived 

benthic areas (West et al., 2009; Lebrato et al., 2012). In addition, many jellyfish species 

serve as habitat or associates of other organisms (Arai, 1997; Ohtsuka et al., 2009; Doyle et 

al., 2014). A wide variety of invertebrates and fish associate with jellyfish species (Purcell 

& Arai, 2001; Ohtsuka et al., 2009) including those belonging to nine families of fish 

symbionts (Castro et al., 2001). The associates may benefit from shelter, food (as 

concentrated zooplankton prey of jellyfish, or jellyfish tissues) and protection against 

predators (Ohtsuka et al., 2009). Jellyfish are also important prey and predator species 

(Doyle et al., 2014). Predators such as arthropods, molluscs, fish, reptiles, birds, and even 

other jellyfish, regularly prey upon jellyfish (Arai et al., 2003; Doyle et al., 2014). More 

than 69 species of fish in 34 families prey upon jellyfish species and the leatherback sea 
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turtle Dermochelys coriacea is perhaps the most well-known predator of jellyfish (Arai, 

2005; Houghton et al., 2006). Jellyfish may also prey upon the larvae and juvenile stages of 

commercially important fish species, and therefore potentially exert pressure on fish 

populations (Purcell & Grover, 1990). Thus, jellyfish are involved in marine ecosystem 

processes including the regulation and flow of energy and nutrients, and species 

interactions such as symbioses and predation.  

 

Overview of the behaviour of jellyfish 

Jellyfish exhibit a variety of behaviours that correspond to their life history stage. 

Planulae swim through the water column by beating cilia (Müller & Leitz, 2002). Medusae, 

using their pulsing umbrella, can swim, dive, form aggregations, and some species such as 

those of cubomedusae avoid obstacles and swim in response to light cues (Albert, 2011) 

like the shadows from stem and branches in a mangrove thicket.  

 

Planula larvae actively select substrates for settlement (Arai, 1997). For example, 

planulae of Cyanea capillata approach the substrate with their anterior end while rotating 

counter-clockwise (Brewer, 1984; Arai, 1997). The planulae leave a substrate if it is 

unsuitable and proceed to inspect different surfaces until a suitable location is identified 

(Arai, 1997). Attraction to a substrate depends on several factors important for settlement 

and growth such as the presence of chemical cues, water turbulence, and light intensity 

(Arai, 1997). 
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Figure 1. Schematic diagram of the life history of the (a) scyphozoan jellyfish, Catostylus mosaicus (Pitt, 2000) and the (b) cubozoan 

jellyfish Tripedalia cystophora (Werner 1973).
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Larvae metamorphose into polyps that are attached to the substrate by a pedal 

disc or stolon but can still move in different ways. For example, polyps of Aurelia 

aurita, can ‘crawl’ along the substratum using the pedal disc and stalk which also 

support the tentacles (Spangenberg, 1965; Arai, 1997). The peduncle of polyps of 

several jellyfish species contract and pull the polyps toward a new point of attachment 

(Arai, 1997). Polyps possess tentacles, which they can contract and move to capture 

food from the water column (Arai, 1997). Furthermore, some cubozoan polyps 

reproduce asexually through the production of motile lateral buds called swimming or 

creeping polyps that break free from parent polyps and find favourable substrate to 

settle after several hours or days (Arneson & Cutress, 1976). Once settled, they develop 

back into mature polyps that can proliferate and metamorphose into free-living medusae 

(Courtney & Seymour, 2013). 

 

Medusae swim by contracting circular and radial muscles of the umbrella 

(Satterlie, 2002). This contraction expels water aboral of the jellyfish, providing the 

propulsive force (Satterlie, 2002). This contrasts with the prevailing view that jellyfish 

push the surrounding water to propel themselves (Biewener, 2003; Gemmell et al., 

2015). Indeed, recent findings suggest that they generate negative pressure or suction 

force around their bodies or on the bell to pull themselves through the water (Gemmell 

et al., 2015). Their swimming behaviour is important in locating other medusae, 

capturing prey, and avoiding unfavourable areas such as pycnoclines and haloclines 

(Arai, 1997; Albert, 2011).  
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Ecological responses of jellyfish to changing ocean conditions 

Jellyfish are not universally tolerant to marine stressors such as acidification and 

warming (Shoji et al., 2005; Tills et al., 2016; Klein et al., 2017). For example, some 

studies indicate that ephyrae of A. aurita tolerate elevated pCO2 (up to 4,000-5,000 

μatm) (Kikkawa et al., 2010; Algueró-Muñiz et al., 2016) whereas others observed 

effects at much lower (but still elevated) pCO2 levels (~1,000 μatm) (Tills et al., 2016). 

Thus, jellyfish may exhibit intra-specific variation in their responses to stressors 

particularly to CO2-induced acidification. However, our understanding of responses of 

jellyfish to OA are limited by few studies that found both positive and negative non-

lethal effects of low pH on jellyfish, such as decrease in statolith size among medusae 

(Kikkawa et al., 2010; Prieto, 2018; Chuard et al., 2019). Effects may also vary with 

life stages and across species (Kikkawa et al., 2010; Algueró-Muñiz et al., 2016; Tills et 

al., 2016) including negative effects on polyps of cubozoans (Klein et al. 2014) and 

scyphozoans (Winans & Purcell, 2010). Nevertheless, positive effects observed in 

jellyfish led to the general perception that jellyfish are relatively resilient to OA (Chuard 

et al., 2019). Some jellyfish species may have adapted to a range of pH levels in both 

benthic (polyps) and planktonic forms (e.g. A. aurelia ephyrae) (Algueró-Muñiz et al., 

2016). This adaptability is perhaps due to relatively low metabolic demands of some 

species of jellyfish to OA, allowing their populations to survive (e.g. ephyrae in Fu et 

al., 2014 and Algueró-Muñiz et al., 2016). 

 

Ocean acidification can induce changes of calcified structures such as statocysts 

and acidosis that can cause reduced metabolism (Tills et al., 2016; Chuard et al., 2019). 

Statocysts are sensory structures that regulate orientation and swimming of jellyfish 

medusae (Arai, 1997). Reduction of statocysts may cause changes in orientation and 
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impaired swimming behaviour (Tills et al., 2016). Such changes in swimming 

behaviour of medusae may reduce their ability to move and feed. Apart from effects on 

sensory structures, OA can reduce metabolism which can also reduce energetically 

demanding metabolic processes such as O2 respiration, necessary for survival (Tills et 

al., 2016). These negative effects on medusae may reduce survival and thus their 

populations under OA. 

 

Some studies suggest that jellyfish are robust to projected climate stressors 

(Klein et al., 2014; Algueró-Muñiz et al., 2016; Tills et al., 2016). The tolerance and 

absence of effects of ocean warming (Pörtner, 2010) on jellyfish may be related to 

respiration. Marine fauna can regulate respiration and metabolism to compensate cost of 

survival under stress (Wood et al., 2008). For example, A. aurita polyps of northeast 

Atlantic had a much lower respiration rate at 20 °C compared to those at 15 and 18 °C 

(Gambill & Peck, 2014). The ability of the polyps to reduce metabolic demand 

facilitated survival under warming conditions (Gambill & Peck, 2014). Therefore, 

jellyfish may regulate respiration and metabolism, which are important indicators of 

ability of jellyfish to compensate energetic costs under ocean warming. 

 

Relatively few studies have investigated the combined effects of ocean warming 

and acidification on jellyfish (but see Klein et al., 2014; Algueró-Muñiz et al., 2016; 

Tills et al., 2016; Klein et al., 2017) despite the threats of interactive climate stressors 

on the conditions of marine ecosystems. For example, polyps of A. alata were exposed 

to OA and warming as isolated and combined stressors (Klein et al., 2014; 2017a). 

Although the polyps generally survived extreme OA and temperature scenarios, their 

fitness (in terms of rates of asexual reproduction, feeding and respiration) was impaired, 
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suggesting they may not thrive under OA and warming (Klein et al., 2014; 2017). 

Stressors rarely occur in isolation, therefore populations of some species of jellyfish 

such as A. alata may not proliferate under climate stressors. 

 

Some jellyfish species can tolerate coastal deoxygenation (CD) and acidification 

(CA) (Lesniowski et al., 2015; Treible et al., 2018). This perhaps explains occurrence 

of a variety of invertebrates including medusae of some species in reduced O2 and pH 

conditions in the field (Thuesen et al., 2005; Richardson & Gibbons, 2008). Jellyfish 

medusae may survive in temporary hypoxic conditions by storing oxygen and energy in 

mesoglea, and by actively regulating their energy metabolism (Rutherford & Thuesen, 

2005; Wang et al., 2017). However, negative effects on physiology of medusae may 

manifest under hypoxia (Wang et al., 2017). For example, Aurelia sp. medusae 

compensate metabolic costs in surviving hypoxia, indicated by physiological transition 

from aerobic respiration to anaerobic glycolysis to maintain energy under stress (Wang 

et al., 2017). Furthermore, other life history stages of jellyfish such as polyps and 

planulae appear particularly tolerant of CD and CA (Miller & Graham, 2012; 

Lesniowski et al., 2015; Treible et al., 2018). For example, sessile polyps reproduce 

prolifically and settlement of planulae of Chrysaora sp. and Aurelia sp. is enhanced 

under hypoxia (Condon et al., 2001; Miller & Graham, 2012) and acidification (Dong & 

Sun, 2018). Stressors therefore elicit variable effects on different life history stages of 

jellyfish, that sometimes tolerate CD and CA conditions (Chan et al., 2011; Riedel et 

al., 2016).  

 

Marine stressors may influence the behaviour of jellyfish, but few studies have 

explored such effects. Behavioural alterations may indicate responses of jellyfish to 
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climate change stressors (Tills et al., 2016). For example, low pH conditions reduced 

the pulsation rate of the ephyrae of A. aurita (Tills et al., 2016). Low O2 and elevated 

pCO2, as individual stressors, also promote settlement of planula larvae (Ishii et al. 

2008; Miller & Graham, 2012; Goldstein et al., 2017). This rapid settlement and 

metamorphosis may be a mechanism for evading the stressors (Schneider & Weisse, 

1985; Miller & Graham, 2012). These behavioural changes may be associated with 

molecular and physiological responses of jellyfish (Wang et al., 2017; Treible et al., 

2018) such as reduced asexual reproduction, and regulation of genes and metabolism of 

planulae and polyps to tolerate low DO conditions (Wang et al., 2017). However, only a 

few studies examined the effects of marine stressors on jellyfish species and responses 

like behavioural impairment due to stressors may not reflect the responses of most 

jellyfish species and their different life cycle stages (Pitt et al., 2018). 

 

Interactions between animal symbionts and jellyfish under ocean acidification 

Most climate experiments examined effects of OA on the physiology of single 

species but knowledge regarding animal interactions under OA is limited (see 

Nagelkerken et al., 2016) (Domenici et al., 2019). There is evidence that OA can affect 

symbiosis and recognition of jellyfish hosts by animal symbionts like carangid fish. 

Specifically, fish that commonly associate with jellyfish in nature approached their 

jellyfish host less frequently and spent less time close to their host under future low pH 

conditions than under present-day pH conditions (Nagelkerken et al., 2016). This 

impaired interaction occurs possibly due to disruption of sensory or nervous system 

functions and perception of chemical cues by the symbionts (Nagelkerken & Munday, 

2016; Watson et al., 2017). Apart from direct neurological effects of OA on symbionts, 

some indirect physiological effects manifest under OA with behavioural consequences 
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for inter-species interactions (Draper & Weissburg, 2019). For example, OA can reduce 

energy for interactions and indirectly decrease foraging success of brown crabs (Cancer 

pagurus) (Wang et al., 2018). By impairing the survival, metabolism and sensory ability 

of an individual, important symbiotic and predatory relationships that can potentially 

regulate animal populations and distribution of prey and competitors may be disturbed, 

with broad consequences for ecosystems (Draper & Weissburg, 2019). Interactions with 

jellyfish may facilitate opportunities to acquire food for fish and many invertebrate 

symbionts like larvae of lobsters that sometimes feed on the host jellyfish (Ohtsuka et 

al., 2009). Therefore, the potential effects of acidification on animal interactions like the 

symbiosis between animal associates and jellyfish, are pertinent issues that need to be 

examined to predict the fate of marine animals and ecosystems in a changing climate 

(Domenici et al. 2019). 
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II. Thesis Overview and Objectives 

 This thesis used manipulative experiments to explore the effects of changing 

ocean conditions on the behaviour, physiology and inter-species interactions of 

jellyfish. The following research chapters address knowledge gaps identified in the 

General Introduction (Chapter 1). Chapter 2 examines the effects of moderate and 

extreme climate scenarios on the physiology and behaviour of polyps of Carukia 

barnesi. This experiment realistically simulated stress conditions using orthogonal 

levels of ocean warming and acidification. Novel responses of the polyps to stressors 

were examined such as behaviour (i.e. mobility) and change of biochemical 

composition of whole polyps using metabolomic techniques. In Chapter 3, I examined 

the individual and combined effects of CD and CA on the survival, number of tentacles, 

settlement and movement behaviour of creeping polyps of the Irukandji jellyfish, 

Alatina alata. Finally, in chapter 4, I examined potential effects of pCO2 conditions 

particularly OA on ability of animal symbionts to detect jellyfish medusa hosts, 

fulfilling a study beyond single-species experiments, i.e. interaction of animal 

symbionts and jellyfish. 
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Supplementary Information 

 

 

 

Supplementary Figure 1. Mean (± SE) pH measurements taken in current (a-b), 

moderate (b-c) and extreme (d-e) pH treatments in ambient (a, c, e) and elevated (b, d, f) 

temperature treatments. 
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Supplementary Figure 2. Diagram of the setup of the video-recording system using a 

stereomicroscope with CellPad tablet. The base serves as the light source (A), with a 

black cardboard (B) as a background of the petri dish with polyps. The cardboard does 

not completely cover the light source on the base to allow light to disperse and the white 

paper cone (C) regulates light dispersion from the base to the petri dish.  
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Supplementary Figure 3. Scores plots for a) unsupervised PCA and b) supervised PLS-DA showing clusters of experimental treatment (pH and 

temperature) groups. 
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Supplementary Table 1. Mean ± SE water chemistry measurements taken during the experiment. Temperature, salinity, pH, total alkalinity and 

pCO2 measurements were taken at midday every 3 days. 

Treatment Temperature (ºC) Salinity (ppt) Alkalinity (µeq kg -1) pH Calculated pCO2 (µatm) 

Current pH + ambient temp 25.0 ± 0.14 35.4 ± 0.04 2250.5 ± 8.6 8.02 ± 0.01 412.85 ± 8.30 

Moderate pH  + ambient temp 25.2 ± 0.03 34.2 ± 0.08 2243.0 ± 16.4 7.94 ± 0.01 510.82 ± 8.80 

Extreme pH + ambient temp 24.9 ± 0.11 35.2 ± 0.12 2264.0 ± 11.8 7.69 ± 0.00 1027.25 ± 5.48 

Current pH + elevated temp 28.0 ± 0.03 35.1 ± 0.05 2241.0 ± 9.8 8.01 ± 0.02 415.52 ± 28.1 

Moderate pH + elevated temp 28.1 ± 0.07 35.2 ± 0.08 2233.8 ± 7.4 7.94 ± 0.00 514.12 ± 5.30 

Extreme pH + elevated temp 28.0 ± 0.03 35.2 ± 0.14 2253.25 ± 5.54 7.69 ± 0.01 1027.33 ± 26.32 
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Supplementary Table 2. Summary of two-way ANOVA results of the effects of experimental treatments on the metabolites of polyps of Carukia 

barnesi. 

Metabolite  Unknown* Glutamate Proline Trigonelline Creatinine Mannose Acetate Betaine Methylguanidine Lysine Sarcosine Glycine 

Source df P P P P P P P P P P P P 

pH 2 <0.001 0.001 0.217 0.302 0.104 0.890 0.029 0.001 0.013 0.025 0.025 <0.006 

Temperature 1 0.155 0.314 0.003 0.012 0.002 0.042 0.014 0.006 0.026 0.001 0.001 0.141 

pH × temperature 2 0.090 0.454 0.104 0.095 0.840 0.732 0.406 0.749 0.243 0.832 0.832 0.013 

 

* unknown at 2.7417, 2.732378 integral 

df degrees of freedom 

P values in bold are significant at <0.05 





 
 

 



 
  



 
 

 



 
  



 
 

 



 
 

 



 
 

 



 
 

 



 
  



 
 

 



67 
 

Supplementary Information 

 

 

 

Supplementary Figure 1. Diagram of the setup of the video-recording system using a 

stereomicroscope with CellPad tablet. The base serves as the light source (A), with a black 

cardboard (B) as a background of the petri dish with Alatina alata creeping polyps. The 

cardboard does not completely cover the light source on the base to allow light to disperse 

and the white paper cone (C) regulates light dispersion from the base to the petri dish.  
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Supplementary Table 1. Summary of in situ pH and dissolved O2 (DO) levels* in potential coral reef habitat of Alatina alata. 

 

*Measurements include depth of sensors, dates and frequency of data collection 
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Locality pH  

mean (s.e.) 

pH range DO (mg/L) 

mean (s.e.) 

DO 

range 

Depth 

(m) 

Date Days Frequency 

(h) 

Source 

Maunalua Bay, 

Oahu, Hawaii 

8.01 (0.03) 7.92 - 8.10 6.0 (0.05) - ~ 1.5 27 September 

2015 

1 3  Richardson et al. 

(2017) 

Bourake, New 

Caledonia 

8.03 (0.01) 7.97 - 8.08 6.48 (0.04) 5.34 -7.17 ~ 2 Feb 2016 3 0.5  Camp et al. 

(2017) 

Fagatele Bay, 

American Samoa

  

8.02 (0.12) 7.91 - 8.06 5.96 (0.12) 4.3 - 7.3 ~ 23 

(above 

the reef) 

July 2019 4 3  Sutton et al. 

(2019); 

  NOAA-PMEL 
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Abstract 

 Atmospheric CO2 conditions leading to the process of ocean acidification can 

impair marine fauna and their ability to interact with other species. Here, we tested whether 

ocean acidification impairs the survival, biochemical profiles of the phyllosoma larvae of 

lobsters and whether these in turn affect the ability of phyllosomas to detect jellyfish prey. 

We found that extreme ocean acidification is detrimental to the survival of phyllosomas of 

Thenus australiensis. Larvae had reduced moulting rates, spent more time away from 

jellyfish, and exhibited increased respiration rates at initial exposures to extreme ocean 

acidification. The majority of individual metabolites were suppressed in both moderate and 

extreme pH conditions. Our study demonstrated that the physiology and ability to detect 

jellyfish by phyllosomas of the lobster Thenus australiensis may be impaired by extreme 

ocean acidification conditions. 

 

Keywords 

Reduced pH, crustacean, symbiosis, feeding, behaviour, biochemistry 
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Introduction 

Increasing atmospheric CO2 leads to the reduction of pH in oceanic surface waters 

and threatens marine ecosystems (Doney et al., 2012). By reducing pH, elevated CO2 

causes ocean acidification (OA) which impairs the physiology of a range of species, 

including fish (Ferrari et al., 2011; Nagelkerken & Munday, 2016) and invertebrates like 

crustaceans (Dodd et al., 2015). This can result in negative outcomes for a range of key 

processes in marine organisms, including survival, growth (Fabry et al., 2008; Kurihara et 

al., 2008) and important behaviours (Clements & Hunt, 2015; Nagelkerken & Munday, 

2015; Thomas et al., 2020). Changes in the physiology and behaviour of a given species 

can affect relationships between species, and this may be particularly important for 

symbiotic and predator-prey interactions (Nagelkerken & Munday, 2016; Draper & 

Weissburg, 2019; Domenici et al., 2019). 

 

Knowledge regarding the potential effects of OA on animal interactions is limited 

(Domenici et al., 2019), but there is evidence that OA can affect symbiosis and prey 

recognition through disruption of sensory or nervous system functions and perception of 

chemical cues (Nagelkerken & Munday, 2016; Watson et al., 2017). For example, crabs 

and gastropods exhibited impaired ability to locate food under OA (Dodd et al., 2015; 

Domenici et al., 2019). This same neurological pathway probably impaired fish and 

jellyfish interactions, in which fish interacted with their jellyfish host less frequently and 

spent less time close to their host under future low pH scenarios (~7.7) (Nagelkerken et al., 

2016). Nevertheless, OA may cause some indirect physiological effects with behavioural 

consequences for inter-species interactions (Draper & Weissburg, 2019). For instance, OA 
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can increase resting metabolic rates and in turn, reduce energy for interactions and 

indirectly decrease foraging success of brown crabs (Cancer pagurus) (Wang et al., 2018). 

By impairing the survival, metabolism and sensory ability of an individual, important 

symbiotic and predatory relationships that regulate animal populations and distribution of 

prey and competitors may be disturbed, with broad consequences for ecosystems (Draper & 

Weissburg, 2019). Therefore, the potential effects of acidification on animal interactions 

are pertinent issues that need to be examined to predict the fate of marine animals and 

ecosystems in a changing climate (Domenici et al. 2019).  

 

Lobster larvae called phyllosomas associate with jellyfish medusae and they 

sometimes attach on the aboral surface of jellyfish bell (Jones, 2007). During larval 

development, phyllosomas feed primarily on marine invertebrate larvae, small zooplankton 

and jellyfish (Jones, 2007). They may ride and feed on medusae before they metamorphose 

into the nisto stage and the adult (Wakabayashi & Phillips, 2016). Although many are 

oceanic, phyllosomas are also abundant in coastal waters to depths of ~ 40 to 50 m of shelf 

waters (Barnett et al., 1984; Jones, 2007). Phyllosomas of some species like Thenus 

australiensis are not widely dispersed from their parental grounds where jellyfish medusae 

occur (Jones, 2007; Lavalli et al., 2007). Exposure to OA may have detrimental 

consequences on the survival, chemosensory ability of lobsters (Phillips et al., 2017), and 

their interactions with jellyfish. For example, larvae of Homarus americanus lobsters 

reared in low pH conditions (7.7 vs. 8.1) exhibited a smaller mean carapace length and 

spent longer time within each larval stage (Keppel et al., 2012). Aside from changes in 

morphology and development, low pH may affect sensory abilities of lobsters such as the 
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Caribbean spiny lobster Panulirus argus which lost chemosensory-driven sheltering 

abilities when exposed to reduced pH (7.65) (Ross & Behringer, 2019). These negative 

outcomes on morphology, development and chemosensory abilities of phyllosomas due to 

low pH conditions may impair their ability to detect and interact with jellyfish. Thus, 

investigations into the effects of ocean acidification on interactions between phyllosomas 

and jellyfish are needed. 

 

Lobsters under OA must work to maintain biochemical homeostasis to survive but 

doing so can be metabolically costly (Pörtner, 2010), and potentially alter their ability to 

interact with jellyfish. For example, juvenile lobsters of Homarus gammarus, had elevated 

O2 consumption under high pCO2 (1100 μatm) (pH 7.7), indicating energetic costs for 

persistence in low pH conditions (Small et al., 2020). These metabolic effects are reflected 

by changes to the biochemical composition of an organism, and tools like metabolomics 

enable assessment of organisms’ responses to changes in the external environment (Bundy 

et al., 2009), such as alterations in behaviours and chemosensory abilities of invertebrates. 

Metabolomics analyses an organism’s metabolome, the suite of low molecular weight 

organic metabolites within their tissues and biofluids, that changes in response to biological 

processes such as growth and reproduction and also external factors such as changes in pH 

(Bundy et al., 2009; Mayor et al., 2015). Metabolomics allows assessment of multiple 

metabolites simultaneously and is not biased to a particular biochemical pathway (Bundy et 

al., 2009), making it effective in examining metabolic effects of anthropogenic stressors 

such as ocean acidification (Mayor et al., 2015). 
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This study tested whether ocean acidification impairs the survival and detection of 

jellyfish by predatory phyllosoma larvae of lobsters, and whether this in turn is related to 

changes in biochemical profiles of the lobster. I hypothesised that the survival, moulting 

rates and attraction to jellyfish by phyllosomas reared under extremely low pH levels 

reduce compared to those in moderate and normal pH conditions. We also hypothesised 

that relative abundances of metabolite composition of phyllosomas reared in extremely low 

pH conditions reduce due to metabolic costs of stress and, in turn, influence ability of 

phyllosomas to interact with jellyfish.  

 

Materials and Methods 

 

Experimental design 

The experiment consisted of three pH treatments including the current (8.0), 

moderate (7.9) and extreme (7.7) future pH scenarios. The treatments were based on target 

atmospheric CO2 concentrations (in ppm) of 400 (for current pH), 500 (RCP 2.6 scenario 

with the highest concentration of optimistic greenhouse gas emission) and 1,000 (the most 

extreme (RCP 8.5) scenario), projected for 2100 in Australia (Reisinger et al., 2014). 

Three-day old and stage I phyllosoma larvae of Thenus australiensis were obtained from 

Australian Bay Lobsters, Inc., a company in New South Wales that breeds Bay lobster 

Thenus spp. for commercial production. The phyllosomas were acclimated to laboratory 

conditions (34.5 PSU salinity, 24.5 ˚C and dissolved O2 of ~7.11 mg/L) for one day before 

being transitioned to experimental conditions at a rate of 0.05 and 0.01 pH units per hour 

for 12 hours for moderate and extreme pH treatments, respectively. Phyllosomas were 
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placed into black baskets (dimension: 18 x 16 x 12 cm., mesh size of 3 mm; 30 

phyllosomas per basket) with five replicate baskets randomly allocated to each treatment. 

Each basket was suspended in an acrylic Kreisel (aquarium tank with circular water flow) 

filled with 80 L 10-µm filtered and UV-treated seawater. Each basket was gently bubbled 

to circulate water and facilitate the removal of mucus from the jellyfish that accumulated on 

the appendages and mouthparts of the larvae and would reduce their survival. The larvae 

were maintained at constant temperature (24 °C) and salinity (35 PSU) (Agnalt et al., 2013; 

Smith et al., 2017). Phyllosomas were fed every day with ≃ 30 pieces per basket of ~ 0.5 

cm2 cubes cut from the bell of Cassiopea sp. medusae collected from a local creek 

(27°55'09.0" S, 153°24'19.1" E). The phyllosomas were exposed to the treatments for 11 

days. Seawater in each basket was replaced with 10% of water with the appropriate 

chemistry every four days.  

 

Manipulation and analyses of water chemistry 

A series of gas proportioners were used to deliver CO2, N2, and O2 gas to the 

kreisels. The desired gas compositions were mixed from individual gas cylinders using 12 

Omega mass flow controllers (FMA-5400 s, 0–20 mL min−1 (CO2), 0–5 L min−1 (N2), 0–2 

L min−1 (O2) (Bockmon et al., 2013). Gases diffused into the seawater through reverse 

osmosis membranes fitted on each aquarium setup. A program (NI LabVIEW™) ran the 

controllers that regulate different compositions of gases through several time points (0, 4, 8, 

12, and 24 hrs) to closely mimic diel fluctuations (~0.2 pH difference) in water chemistry 

that occur due to the absence of photosynthesis at night (Table 1). Ambient pH levels and 

the magnitude of their daily cycles were based on diel variability of pH at Moreton Bay,  
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Queensland (27.13° S, 153.07° E) in November 2014, and pH observations in the southern 

Great Barrier Reef (Georgiou et al., 2015) where T. australiensis phyllosomas occur 

(Barnett et al., 1984; Jones, 2007). 

 

Table 1. The average (mean ± s.e.) and ranges of diel experimental pH and ocean 

acidification (OA) conditions in this study. Calculated pCO2 was determined using total 

alkalinity, pH, and temperature measurements at 10:00. N = 15 per treatment 

Treatment pH 
 

pH range 

DO 

(mg L-1) 

Total alkalinity 

(µmol kg-1) 
pCO2 (µatm) 

Ambient pH 8.02 ± 0.03 7.91 – 8.1 6.17 ± 0.09 2242 ± 5.58 442.56 ± 27.1 

Moderate OA 7.91 ± 0.03 7.84 - 7.98 6.23 ± 0.09 2244 ± 4.93 584.87 ± 35.2 

Extreme OA 7.72 ± 0.05 7.60 - 7.76 6.15 ± 0.10 2244 ± 4.95 977.59 ± 30.1 

 

 

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 measured using a 

conductivity–salinity meter (TPS salinity-conductivity 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 second day, 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 

measure diel patterns of pH during the experiment, pH measurements were taken hourly 
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(between 0600 and 1800 h) from one randomly selected replicate from each of the 

treatments once per week. Every third day, a 100-mL water sample was collected for total 

alkalinity (TA) analysis from one randomly selected replicate from each of the treatments 

(Table 1). Samples of seawater were collected in clean amber glass bottles using a drawing 

tube and overfilled for 10 s to minimise gas exchange between the sample water and the 

atmosphere. Samples were filtered through 0.22-μm filters, sealed tightly, and immediately 

analysed. Samples for TA (80mL) were analysed using a Mettler Toledo titrator, which was 

calibrated using TRIS/HCl buffers in synthetic seawater and verified with certified TA 

reference material (provided by A. G. Dickson, batch#162). 

 

Survival and development  

All phyllosomas were inspected daily. Dead larvae were counted and removed, and 

the number of deformed and injured larvae was counted since it indicates stress or 

cannibalism among individuals in the experiment. The number of individuals that moulted 

in each replicate each day was counted. Five to eight individuals from each replicate each 

day were randomly observed and their morphological structures, including sensory setae, 

antenna, mandible shape, maxillipeds, presence of pleopod, and pereiopods were observed 

using a dissecting microscope to determine their developmental stage (stage 1 – 1V) 

(Wakabayashi et al., 2016). Most larvae metamorphosed into stage II in day 9. Since larvae 

in pH 7.7 did not survive up to the 9th day, the development of phyllosomas was compared 

between pH 8.0 and 7.9 treatments. Differences of stage II development between treatments 

were calculated as the average number of larvae that reached stage II in each replicate at pH 

8.0 and 7.9 treatments. 
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Respiration measurements 

Respiration rates of phyllosomas of the same stage and weight were measured on 

day 0 and every 1–2 days thereafter. Individual phyllosomas (n =12) were transferred into 

0.4 L glass respiration chambers with a FireStingO2 optical oxygen sensor spot attached to 

their inner wall and filled with seawater of the appropriate treatment. 12 additional 

chambers containing seawater served to determine the oxygen consumption of 

microorganisms in the water used for incubations. Chambers were sealed using watch 

glasses, removing air bubbles, and were incubated for four hours in the dark and inside a 

black plastic container at 24 °C and ~ 34.5 PSU salinity. Oxygen concentrations were 

measured using a FireStingO2 optical oxygen sensors at the beginning and end of the 

incubations. Oxygen consumption rates were measured per phyllosoma (unit: ng O2 

individual−1 h−1).  

 

Detection of jellyfish and locomotion assay 

The ability of the phyllosomas to detect and respond to the presence of jellyfish was 

tested using a choice experiment (Maibam et al., 2015; Zupo et al., 2015). Cassiopea sp. 

bell was used as food source of the phyllosomas since the jellyfish has similar chemical and 

nutritional properties to the species of jellyfish that phyllosomas would normally associate 

with such as Aurelia spp. and hydromedusae of Physalia physalis (Niggl et al., 2010; 

Wakabayashi et al., 2016). The tests were performed in rectangular plastic containers (17.5 

 12  5.5 cm) filled with filtered seawater to a depth of 2 cm, that served as arenas. A 

piece of jellyfish tissue and a blank made of silicone cube (1 cm3 sizes), were placed on 

either side of the arena. A silicone cube was used to mimic the structure of jellyfish tissue 
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and provided visual cue but lacked the olfactory cues from jellyfish. The arena and silicone 

were soaked in filtered seawater for 15 days before the experiment to condition them. This 

choice method was tested using a pilot test which revealed that phyllosomas had a strong 

positive selection to the side of the arena with jellyfish tissue (Wilcoxon Z = -15.115, p < 

0.01) (Supplementary Fig. 1). The underside of the arena was marked with a grid of 1 cm2 

squares and was divided into five sections (−2, −1, 0, 1, 2), indicating the position of a 

phyllosoma relative to jellyfish, wherein values > 0 indicate attraction towards the end of 

the arena with jellyfish cube (Fig. 1).  

 

 

Figure 1. Diagram of the arena with grid used in the choice test. Numbers are sections of 

the arena indicating the position of the jellyfish cube (black shade) and silicone blank 

(gray). Grids in blue constitute the centre of arena.  

 

 

The test arena allowed phyllosomas to swim and it reduced complex diffusion of 

odour from the jellyfish attractant through the reduced depth and lack of movement of the 

test water (as in Zupo et al., 2015). Experiments were done at 24 °C water temperature and 

in the dark with red light since phyllosomas are positively phototactic and this prevented 

light from interfering with the test. The water temperature and its slight variability in the 
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experimental aquaria were maintained by heating the room at a constant air temperature. A 

Go-pro camera was placed on a tripod above the arena for video-recording. In the choice 

test (n = 7 trials per treatment), a single phyllosoma (Stage I) was placed in the centre of the 

arena (Fig. 1) in a small glass bowl and was acclimated for 5 minutes. After acclimation, a 

cube of Cassiopea sp. jellyfish medusae and a silicone blank were immediately placed in 

the opposite ends of the arena, then the phyllosoma was released. A phyllosoma was only 

used once and after the test, they were returned and placed in a separate compartment in the 

experimental aquaria. A preference for a particular end of the arena was controlled for by 

alternately placing the jellyfish and silicone cubes on either side of the arena. The arena had 

either control or reduced pH water to test whether chemosensory ability of phyllosomas 

varied between the two test waters (control versus acidification test waters). Phyllosomas 

reared in normal pH conditions were also tested in control water. The test was video-

recorded for 10 minutes. Videos were analysed using Windows media player with pause, 

stop and playback options that facilitated recording of the position of the larva in the arena 

every 10 seconds from the start of the tests. The locomotion velocity was calculated as the 

number of squares of grid crossed (and re-crossed) per second and was averaged for each 

replicate.  

 

Metabolomics 

One larva per replicate was harvested at day 5 of the experiment for analysis of 

polar metabolites using Nuclear Magnetic Resonance (NMR) spectroscopy. Larvae for 

metabolomic analysis were blotted dry and transferred to pre-weighed 2.0 mL micro-

centrifuge tubes, the tubes were quickly weighed (mg) and samples were stored overnight 
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at −20 °C. The next day, methanol and chloroform were added to the samples, which were 

sonicated to enhance metabolite extraction and centrifuged (10 min, 15,000 rpm at 4 °C). 

After centrifugation, the supernatant methanol with polar metabolites and chloroform with 

lipids were 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. The reconstituted samples were transferred to 3 mm NMR tubes using a zero-

volume syringe.  

 

NMR spectra were acquired with an 800 MHz Bruker® Avance III HDX 

spectrometer. The system was equipped with a Triple (TCI) Resonance 5 mm 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). 

Spectra were acquired at 298 K, using D2O for field locking and TSP (1H δ 0.00) as an 

internal reference. 1H spectra were acquired using the zg30 pulse program with 128 scans, 

0.8 s relaxation delay, 7.75 μs pulse width and 16 kHz spectral width (1H δ −3.75–16.28).  

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 0.3 Hz and all spectra were manually phase corrected, automatically baseline 

adjusted (ablative), and referenced and normalised to TSP (1H δ 0.00, 13C δ 0.0) using 

Chenomx NMR Suite. Once processed, individual features (resonances) were manually 

integrated and normalised to provide a comparative measure of the relative abundance of 

metabolites. Chenomix Profiler was used to identify the metabolites.  
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Statistical analyses 

Generalised linear mixed models (GLMM) were used to analyse survival, moulting 

and respiration rates of phyllosomas. pH and days were the fixed factors and days (1-11) 

were also the repeated measure. Models were examined using goodness-of-fit statistics (i.e. 

AIC and BIC) and significant results were further analysed using estimated marginal 

means. Since data were non-normal, a Mann-Whitney U test was used to compare 

differences in stage II larval development, calculated as the average number of larvae that 

reached stage II in each replicate in pH 8.0 and 7.9 treatments. The level of selection 

towards or against jellyfish and locomotion velocity by phyllosomas were analysed using 

two-way ANOVAs in SPSS and Tukey's post-hoc test was used to analyse differences 

between the means of significant factors. The fixed factors were pH (8.0, 7.9, 7.7) and test 

water of the arena (control vs reduced water pH). 

 

Metabolomics data were analysed for visual separation of treatment groups using 

MetaboAnalyst 4.0 (Chong et al., 2019). After log normalisation and auto-scaling of the 

data, Principal Component Analysis (PCA) and supervised Partial Least Squares 

Discriminant Analysis (PLS-DA) were performed to identify overall differences in the 

metabolite profiles of phyllosoma larvae from the different treatment groups. Permutational 

Multivariate Analysis of Variance (PerMANOVA) in Primer 7  was used to quantify the 

differences of metabolite composition among the treatments. All individual metabolites 

were further analysed using one-way ANOVA in SPSS and Tukey's post-hoc test to 

determine the differences of their relative abundances between pH treatments.  
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Results 

 

pH and day influenced the survival of phyllosomas (Table 2). Phyllosomas in the 

pH 7.7 treatment experienced >45% mortality, which was > 35 % greater than in the pH 8.0 

and 7.9 treatments (Fig. 2). No deformities were observed, and no appendages were lost in 

any treatment.  

 

Table 2. Results of a generalized linear mixed model analysis of the number of live 

phyllosomas in each day (days 1 - 11) between pH treatments in the experiment. 

 

Akaike Information Criterion = 579.60 

Bayesian = 607.91 

P-values in bold are significant.  

 

 

Source F df1 df2 P 

pH 86.9 10 104 <0.01 

day 124.721 2 104 <0.01 

pH × day 1.041 15 104 0.421 
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Figure 2. Percentage (mean ± s.e.) of survival of phyllosomas in each pH treatment. Letters 

above data points indicate similarities (e.g. AA) and differences (e.g. AB) between pH 

treatments based on estimated marginal means. 

 

 

 

Moulting rates of phyllosomas were 35% and 40% lower in pH 7.7 than those in pH 

8.0 and 7.9 treatments, respectively (Table 3; Fig. 3). However, the number of larvae that 

reached stage II at day 9 did not significantly vary between pH 8.0 and 7.9 treatments (U = 

9.0, p = 0.419). 
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Table 3. Results of a generalized linear mixed model analysis of the moulting rate of 

phyllosomas in each day (days 1 - 11) between pH treatments in the experiment. 

Akaike Information Criterion = 45.52 

Bayesian = 73.20 

P-values in bold are significant. 

 

 
Figure 3. Percentage (mean ± s.e.) of moulting individuals in each pH treatment. Letters 

above data points indicate similarities (e.g. AA) and differences (e.g. AB) between pH 

treatments based on estimated marginal means. 

  

Respiration rates varied between pH treatments, but patterns were not consistent 

between times (Table 4). Respiration rates in the pH 7.7 treatment were the most elevated 

on Day 2 but declined in Days 4 and 5 (Fig. 4). pH 7.9 had higher respiration rates 

compared to pH 8.0 from Days 4 to 9  (Fig. 4).  

Source F df1 df2 P 

pH 13.586 10 100 <0.01 

day 29.769 2 100 <0.01 

pH × day 1.562 15 100 0.098 
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Table 4. Summary of results of a generalized linear mixed model analysis of the respiration 

rates of phyllosomas each day (days 2, 4, 5, 7 and 9) between treatments in the experiment. 

 

Akaike Information Criterion = 831.18 

Bayesian = 841.261 

P-values in bold are significant. 

 

 

 

Figure. 4. Respiration rates (mean ± s.e.) of phyllosoma larvae in each pH treatment 

throughout the experiment. Letters above data points indicate similarities (e.g. AA) and 

differences (e.g. AB) between pH treatments within each day based on estimated marginal 

means. 

 

Phyllosomas reared in pH 8.0 and 7.9 strongly selected the side of the arena with 

jellyfish prey tissue but those from pH 7.7 avoided the jellyfish tissue and, on average, 

swam towards the silicone blank, regardless of test water used in the arena (Table 5; Fig. 

5). The rate at which phyllosomas swam (i.e. the number of grid squares crossed by 

Source F df1 df2 P 

pH 13.586 10 100 0.007 

day 29.769 2 100 0.001 

pH × day 1.562 15 100 0.001 
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phyllosoma per second in the locomotion assay) did not vary with pH treatment or test 

water (Table 6).  

 

Table 5. Results of two-way analysis of variance for the attraction of phyllosoma larvae 

towards jellyfish prey tissue in the experiment. 

 

 

 

 

P-value in bold is significant. 

 

 

Figure 5. Selection (mean ± s.e.) for jellyfish attractants (y-axis) by phyllosomas reared in 

different pH treatments (x-axis). Values indicate attraction of phyllosomas towards jellyfish 

cube (> 0) or silicone blank (< 0). Letters above error bars indicate similarities (e.g. AA) 

and differences (e.g. AB) between pH treatments based on Tukey’s HSD results of two-

way ANOVA. 

 

Source df Mean Square F P 

pH 2 12.188 29.657 < 0.01 

Test water 1 0.026 0.064 0.801 

pH × test water  2 0.065 0.158 0.854 
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Table 6. Results of two-way analysis of variance for the locomotion velocity (number of 

crossed grid square per second) of phyllosoma larvae in the experiment.  

Source df Mean Square F P 

pH 2 0.0002 2.003 0.150 

Test water 1 0.0002 2.013 0.165 

pH × test water  2 0.0001 1.745 0.189 

 

 

 

Clear separation of metabolites of phyllosomas reared from different pH treatments 

was observed in the PCA (Supplementary Fig. 2), sPLS-DA analyses (Fig. 6) and 

PerMANOVA (p = 0.041). We found 37 metabolites from phyllosomas and 24 of these 

were significantly altered by pH treatments (Table 7). Most metabolites occurred in 

significantly lower relative abundances at pH 7.7 and 7.9 treatments except for asparagine, 

proline, acetic acid, dimethylglycine and the unidentified metabolite which had relatively 

lower relative abundance after exposure to pH 7.9 compared to those in pH 8.0 and 7.7 

treatments (Fig. 7). 
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Figure 6. Sparse Partial Least Squares Discriminant Analysis (sPLS-DA) output for the 

difference of metabolite composition of phyllosoma reared in each pH treatment. Dashed 

lines indicate the margins of groups of samples with similar metabolite composition. 
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Table 7. One-way ANOVA results of individual metabolites of phyllosomas reared from 

different pH treatments. P-values in bold are significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Metabolite Mean Square F P 

Formic acid 0.016 0.467 0.638 

Purine nucleosides 0.577 2.641 0.112 

Trigonelline 0.625 3.877 0.050 

Homarine 0.264 4.377 0.037 

1-methylhistidine 1.155 3.065 0.084 

Phenylalanine 2.143 4.928 0.027 

Tyrosine 1.765 2.531 0.121 

1-methylhistidine 2.251 4.325 0.039 

Unidentified 0.271 3.996 0.047 

Threonine 2.269 4.502 0.035 

Serine 2.305 4.468 0.035 

Betaine 0.386 3.519 0.063 

Alanine  2.722 5.829 0.017 

Acetylcholine 0.939 2.813 0.100 

Isoleucine 0.397 3.314 0.071 

Sarcosine 0.144 0.637 0.546 

Glycine 0.710 4.860 0.028 

Taurine 0.474 2.668 0.110 

Choline 1.332 6.385 0.013 

Dimethylsulfone 0.492 0.986 0.401 

Malonic acid 0.529 2.293 0.143 

Asparagine 0.763 4.044 0.045 

Dimethylglycine 0.450 1.760 0.214 

Aspartate 0.534 6.608 0.012 

Sarcosine 1.475 8.619 0.005 

Dimethylamine 0.083 0.533 0.600 

Hypotaurine 2.047 2.831 0.098 

Beta-alanine 0.626 1.668 0.230 

Glutamine 1.999 6.236 0.014 

Glutamate 1.621 4.600 0.033 

Acetoacetate 1.568 5.091 0.025 

Proline 2.103 4.006 0.046 

Acetate 1.405 6.488 0.012 

Leucine 1.609 10.351 0.002 

Lysine 2.925 4.236 0.041 

Arginine 2.066 5.031 0.026 

3-hydroxybutyric acid 0.604 6.237 0.014 

Valine 2.524 3.454 0.065 

Isoleucine 3.075 3.790 0.053 

Valine 2.512 3.627 0.059 

Leucine 3.419 3.784 0.053 

Isoleucine 2.635 4.178 0.042 



 
 

 



92 
 

Figure 7. 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) between the treatments based on Tukey’s HSD results of one-way ANOVA.  
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Discussion 

 

We found that extreme ocean acidification (OA) is detrimental to the survival and 

ability of lobster phyllosomas to interact with jellyfish. Phyllosomas of Thenus 

australiensis had reduced survival and moulting rates, spent more time away from jellyfish, 

and reduced respiration rates under extreme OA. The majority of individual metabolites 

were suppressed even in moderate and extreme pH conditions. The effects observed failed 

to support our hypotheses that biological responses would manifest only in extreme OA. 

Instead, we detected elevated respiration rates and metabolic suppression in moderate OA 

conditions. Thus, effects of OA on phyllosomas also manifest under moderate scenarios.  

 

The reduced survivorship and development of phyllosomas after exposure to OA is 

related to the reduction of many metabolites known to be important for energy metabolism 

and protein synthesis (Small et al., 2020). Reduced survival and moulting rates observed 

under extreme OA may indicate effects on energy metabolism since developmental events 

are extremely energy intensive and thus requires normal metabolism (Langenbuch et al., 

2006). Impaired metabolism under low pH, perhaps explains the reduced survival and 

moulting rates observed here, which also manifested in juveniles of European lobster 

Homarus gammarus (pCO2 = 1,100 and 9,000 μatm; Small et al., 2016) and larvae of 

American lobster H. americanus (1,200 ppm pCO2) under low pH (Keppel et al., 2012). 

Stressful conditions can alter normal metabolism, including the maintenance of energy 

reserves in crustaceans like adult lobsters (Whiteley & Taylor, 1990; Whiteley, 2011; Small 

et al., 2020). Thus, reduced O2 consumption of phyllosomas when they were harvested for 
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metabolite analyses probably indicate loss of energy under extreme OA. Impaired energy 

maintenance under extreme OA, likely manifested since the abundance of amino acids were 

reduced. However, respiration at initial exposures (day 2) was elevated in the extreme 

treatment, suggesting compensation by phyllosomas for metabolic demand under stress. 

Many marine species increase respiration rates to compensate for increased metabolic 

demands under low pH conditions (Wood et al., 2008; Portner, 2010). Inability to 

compensate for metabolic demand may result in mortality (Portner, 2010) and this explains 

low survival rates under extreme pH and persistence of phyllosomas with elevated 

respiration under the moderate OA scenario. The sensitivity of phyllosomas to extreme OA 

may be linked to less developed physiological systems of early stage lobsters, which are 

probably less effective in regulating acid-base changes (Whiteley, 1999; Small et al., 2020). 

 

Phyllosomas exposed to extreme OA spent more time away from the jellyfish cube 

than those reared under normal pH conditions. This outcome may demonstrate impaired 

chemosensory ability following exposure to low pH treatments, similar to those of other 

crustacean species such as crabs. For example, low pH (7.1) impaired olfaction, prey 

detection and antennule flicking of deep-sea hermit crabs (Kim et al., 2015). Adult 

Caribbean spiny lobster Panulirus argus, also failed to recognize its shelters following 

exposure to ocean acidification (Ross & Behringer, 2019). Chemosensory impairments 

have also occurred in vertebrates like adult cardinal fish that failed to recognize its shelter 

after exposure to low pH levels (7.86) (Devine et al., 2012). This may explain altered 

interaction of fish with jellyfish under OA (Nagelkerken et al., 2016). Fish that commonly 

associate with jellyfish in nature approached their jellyfish host less frequently and spent 



95 
 

less time close to their host under future low pH conditions than under present-day pH 

conditions (~8.0) (Nagelkerken et al., 2016). Nevertheless, the swimming velocity of 

phyllosomas were not affected, thus the lack of contact of phyllosomas to jellyfish 

attractants was likely unrelated to movements of phyllosomas.  

 

The reduced attraction of phyllosomas to jellyfish under extreme OA was consistent 

regardless of test water used in the arena of the choice test, suggesting that these results 

were unrelated to changes in the chemistry of odours (Roggatz, et al., 2016) exuding from 

jellyfish tissues. Chemical cues may degrade quickly in CO2-acidified water (Chivers et al., 

2014), making them undetectable by animals requiring these cues such as reef fish prey 

(Nagelkerken et al. 2016). For example, alarm cues of Ambon damselfish, Pomacentrus 

amboinensis took 5 minutes to degrade under moderately low pH (7.85) (Chivers et al., 

2014). The cues became undetectable, altering the behaviour of fish prey (Nagelkerken et 

al., 2016). Therefore, odours from jellyfish tissues were sustained in the choice test but 

phyllosomas exposed to extreme OA were likely unable to detect jellyfish chemical cues, 

although direct chemosensory measurements such as receptor activation were not 

examined.  

 

Moderate OA may influence the persistence of phyllosomas based on the reduction 

of important metabolites observed here. These metabolic changes suggest that the larvae 

compensate for physiological regulation necessary in surviving mild acidification, similar 

to invertebrates such as cnidarians and mussels that survive low pH conditions through 



96 
 

metabolic and acid-base regulation (Wood et al., 2008; Ellis et al., 2014). Indeed, the 

juvenile American lobster (H. americanus), had high survival even in moderate 

acidification (600 μatm pCO2 level) compared to extreme acidification (1,200 μatm pCO2) 

where survivorship was the lowest (Menu-Courey et al., 2019). The lobster’s survival in 

moderate OA was related to increased aerobic metabolism, examined using electron 

transport and lactate dehydrogenase metabolism. Thus, moderate OA can alter metabolism 

but may not impair physiology, and survival similar to those effects of extreme OA. 

 

Our interpretations are based on isolated treatments of OA and outcomes would 

probably vary if ocean warming would be combined with low pH in an experiment. The 

effects of extreme OA here are relevant since extreme pH levels tested here occur in coastal 

waters such as those that experience temporary freshwater output and eutrophication 

(Duarte et al., 2013), where some phyllosomas possibly occur (Jones, 2007). In the context 

of climate change, however, the pH scenarios here should be tested with warming to more 

accurately predict the responses of phyllosomas to future climate conditions.  

 

Many jellyfish species serve as hosts for a variety of marine vertebrates and 

invertebrates, thereby sustaining biodiversity (Ohtsuka et al., 2009). However, OA may 

threaten this role of jellyfish since OA could impair inter-species interactions such as those 

between medusae and phyllosomas. Such impaired interactions may also impair the 

population success of lobsters and in turn, reduce benefits of their ecosystem services 

(Jones, 2007). For example, some lobsters (i.e. juvenile Scyllaridus sp.) are prey for deep-
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sea fishes and many lobsters are commercially important (Spanier & Lavalli, 2013). Thus, 

OA can negatively affect ecological roles of some invertebrates such as lobsters and pelagic 

biodiversity in general. 

 

Conclusions 

Our study suggests that the survival, physiology and ability to detect jellyfish by 

phyllosomas of the lobster Thenus australiensis may be impaired by extreme ocean 

acidification conditions. Metabolomic data suggests that effects may be related to altered 

energy metabolism due to low pH stress. Phyllosomas will likely compensate for metabolic 

costs to thrive in future moderate acidification which will likely occur in marine 

ecosystems. Our results suggest that low pH levels of  ~ 7.7 may contribute to a reduction 

in the population of larval lobsters, with consequences for their ability to interact with 

jellyfish.  
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Supplementary Information 

 

 

Supplementary Figure 1. Selection of the side of the arena with either cube of jellyfish prey 

tissue (attractant) or silicone blank, n = 7 replicates. Selection scores: 1 = strong positive 

selection and 0 = negative selection.  
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Supplementary figure 2. Principal component analysis output for the difference of 

metabolite composition of phyllosoma reared in each pH treatment. Dashed lines indicate 

the margins of groups of samples with similar metabolite composition.   
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CHAPTER 5 

GENERAL DISCUSSION 
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Due to the increasing magnitude and incidence of anthropogenic stressors, jellyfish 

and their animal symbionts face immediate threats to the maintenance of their populations 

(Pitt et al. 2018). However, our understanding of the impacts of stressors on jellyfish and 

many symbiotic animals is hindered by a lack of realism in experiments such as the 

inclusion of realistic levels of O2 and pH and potential interactions of stressors in 

experiments, which are important in predicting the fate of jellyfish and their symbionts (Pitt 

et al. 2018). This thesis fills gaps in our knowledge about the ecological and physiological 

responses of jellyfish and their symbionts to ocean and coastal acidification, warming and 

deoxygenation by using experiments that mimic water chemistry in the field. Here, the 

effects of anthropogenic stressors were characterised on a wide range of response variables 

while including a semblance of the variability that exists in natural systems, thereby 

improving our knowledge of how stressors like climate change might realistically influence 

jellyfish populations.  

 

Marine stressors and their interactions  

Marine stressors, otherwise known as anthropogenic stressors of marine 

ecosystems, such as habitat loss, pollution, and climate change are becoming both more 

widespread and more intense in the future as the growing human population produces 

intensifying footprint on ecosystems (Jackson et al. 2016; Griffith et al., 2019). These 

stressors do not often elicit negative outcomes as demonstrated in Chapters 2, 3 and 4 of 

this thesis. However, stressors are expected to produce negative effects on marine fauna 

due to the ‘anomalous’ nature of stressors such as ocean and coastal acidification which are 

products of human-induced change (Jackson et al. 2016; Kroeker et al. 2019). In addition, 
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past experiences of marine fauna dictate their physiological responses to temporal 

variability in the environment and potential acclimation responses to stressors (Doney, 

2010; Kroeker et al. 2019). For example, some zooplankton species may experience large 

variability of their environment as temporal changes of the movement of water mass such 

as the rise and fall of dissolved O2 (DO) in the water column and this variability may have 

already conferred physiological tolerance to the stressors like low DO (Doney, 2010; 

Kroeker et al. 2019). Marine fauna has biological and physiological mechanisms to adapt to 

large fluctuations of water conditions such as extreme temperatures (Torda et al. 2016; 

Kroeker et al. 2019). Although experiments in this thesis in Chapters 2, 3 and 4 have not 

specifically tested acclimation responses of jellyfish and animal symbionts under stress, the 

positive effects observed here like the enhanced settlement of creeping polyps of Irukandji 

jellyfish under low DO and pH levels probably indicated acclimation to these coastal 

stressors related to eutrophication. However, the lack of evidence indicating acclimation 

responses of jellyfish and their animal symbionts to anthropogenic stressors like 

acidification here warrants future investigations that would definitely improve 

understanding of the outcomes observed in my thesis.  

 

Studies examining the combined effects of marine stressors like ocean warming and 

acidification remain scarce (Hodgson & Halpern, 2019). I addressed these knowledge gaps 

through Chapter 2 which showed that the combination of warming and acidification does 

not usually elicit negative outcomes such as reduced survival of Irukandji jellyfish polyps 

and in Chapter 3 which did not show interactive effects of CD and CA on ecological 

responses of A. alata creeping polyps. My thesis disagrees with prior studies that have 
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suggested that climate change and ocean acidification may benefit jellyfish (Lynam et al. 

2011; Purcell, 2012; but see Espinel-Velasco et al., 2018). Only extreme climate scenarios 

are likely to influence ecological responses of jellyfish such as respiration and reproduction 

(Chapter 3) and recognition of animal symbionts with their jellyfish host (Chapter 4). 

Furthermore, my thesis (in Chapter 3) also contributed to alleviation of the lack of 

information about the responses of tropical taxa to stressors like deoxygenation and 

acidification. Compared to temperate species, tropical taxa may respond differently to 

environmental stressors, thus research examining the responses to potential combinations of 

O2 and pH in tropical ecosystems is needed (Steckbauer et al., 2020). Species from tropical 

regions, for example, may exhibit higher rates of respiration (Enquist et al., 2003) and thus, 

may be more vulnerable to reduced O2 availability (Pörtner, 2010; Steckbauer et al., 2020). 

This thesis therefore addressed limited studies on potential interactive effects of stressors 

like pCO2 scenarios and investigations of tropical taxa of marine invertebrates such as 

jellyfish under anthropogenic change like coastal acidification.  

 

Effects of moderate levels of atmospheric scenarios 

Increasing atmospheric CO2 concentrations can negatively impact Earth’s climate, 

including changing important aspects of ocean water chemistry like the carbonate balance 

of marine ecosystems (Melzner et al., 2020). The IPCC described several potential climate 

scenarios of Representative Concentration Pathways (RCP), ranging from optimistic (RCP 

2.6) to business-as-usual (RCP 8.5), but moderate scenarios (RCP 2.6) are considered the 

most likely to occur in the future (IPCC, 2014; Hughes et al., 2017; Melzner et al., 2020). 

Despite these projections, the current trajectory of global emissions follows the ‘business-
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as-usual’ scenario of the RCP 8.5 (van der Zande et al., 2020), adding to uncertainty of 

whether emissions are being curbed to achieve RCP 2.6 (Geraldi et al., 2020). However, 

many ecological experiments investigating the consequences of climate change test only 

the most extreme scenario without including moderate projections (Hughes et al., 2017). 

My research suggests that moderate pH conditions will likely elicit minimal physiological 

or behavioural effects of Irukandji sessile polyps (Chapter 2). In Chapter 4, effects of 

moderate and extreme ocean acidification on the detection of jellyfish by phyllosoma larvae 

were also examined. I found that respiration rates were higher in moderate pH and that 

many individual metabolites of phyllosoma larvae of lobsters were suppressed in both 

moderate and extreme pH conditions. The difference in responsiveness of jellyfish and 

phyllosoma larvae to moderate climate scenarios in these chapters highlights that effects of 

elevated pCO2 are not always consistent across marine invertebrate taxa. Moderate climate 

scenarios may elicit minimal effects on certain species of marine biota (Hamilton et al., 

2017; Lopes et al., 2018) while others may exhibit impaired physiology. These variable 

effects indicate that when stressors such as low pH and warming reach physiological 

thresholds, this can produce debilitating outcomes in some species (Wood et al., 2008; 

Thomsen & Melzner, 2010). Thus, examining a range of scenarios, from moderate to 

extreme, remains important for pinpointing thresholds above which fauna might respond 

negatively to changing climatic conditions. 
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Diel fluctuations of stressors 

Diel fluctuations of pH and O2 occur in marine ecosystems, particularly in coastal 

waters due to net respiration in the absence of photosynthesis at night. Natural pCO2 and 

pO2 fluctuations in coastal ecosystems such as seagrasses and coral reefs may further vary 

in magnitude due to physical processes such as water mixing and residence time (Duarte et 

al., 2013). Fluctuations in pCO2 and pO2 were incorporated in the simulations of stressors 

in my experiments. Experiments that simulate diel fluctuations in this manner are still 

relatively scarce, likely due to methodological challenges (Geraldi et al., 2020) including 

the need for specialized equipment and controlling software. However, such fluctuations 

should be incorporated since this offers a better representation of conditions that marine 

organisms will experience in coastal ecosystems (Melzner et al., 2020). Indeed, marine 

organisms may have adapted to these conditions and the absence of diel fluctuations in 

experiments may prevent the accurate assessment of whether the stressors actually impact 

study organisms (Jarrold & Munday, 2018). 

 

Behaviour of jellyfish polyps 

Stressors can induce a range of biological responses such as changes in behaviour 

(Walker, 2008). Behavioural responses may facilitate the identification of responses that 

are undetectable using other endpoints, such as survival (Zlatkin & Heuer, 2019). Since 

they support higher-level biological processes such as feeding, mating, and predator-prey 

relationships behaviours may indicate potential factors affecting overall fitness of marine 

fauna (Riedel et al., 2016). For example, the success of jellyfish as efficient predators 

depends on their normal swimming behaviour that uses pulsation of their bell to generate a 
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vortex of feeding current (Gemmell et al., 2015). Any environmental disturbance of their 

feeding and swimming behaviours may, therefore, directly affect their efficiency in 

capturing prey.  

As for other marine invertebrates (Nagelkerken & Munday, 2016; Watson et al., 

2017), we know little about the effects of marine stressors on the behaviour of jellyfish. In 

my thesis, behaviours of sessile and creeping polyps of Irukandji jellyfish were examined to 

determine their response to elevated pCO2. I observed that extreme ocean acidification 

reduced the mobility of sessile polyps of C. barnesi, but neither coastal acidification nor 

deoxygenation impaired movement behaviours of the creeping polyp life-stage of A. alata. 

These findings suggest that effects of exposure to anthropogenic stressors such as elevated 

pCO2 and deoxygenation may be variable across taxa or life history stage of jellyfish. Low 

pH can also induce variable effects within the species of scyphozoan jellyfish. Indeed, 

studies that examined effects of ocean acidification on the Moon jellyfish Aurelia aurita 

suggest that low pH sometimes does not impair the behaviour, particularly pulsation rates 

of ephyrae of the jellyfish species (Algueró-Muñiz et al., 2016; Tills et al., 2016). Pulsation 

rates of the ephyrae were not reduced under ocean acidification likely due to adaptation and 

low metabolic demand, which can support normal metabolism and behaviours in jellyfish 

(Algueró-Muñiz et al., 2016).  

 

Animal interactions with jellyfish under ocean acidification 

Inter-species interactions benefit ecosystems and regulate animal populations 

through several mechanisms such as foraging and predator avoidance (Sundin et al., 2017). 

However, as demonstrated in this thesis (Chapter 4), anthropogenic stressors like ocean 
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acidification (OA) has the potential to negatively affect several species interactions, 

including symbiosis and host or prey recognition. My findings here have implications on 

the ability of jellyfish to host and animal symbionts to detect their jellyfish host due to 

impaired jellyfish-crustacean symbiosis. Changes of inter-species interactions with jellyfish 

due to OA can negatively shift marine biodiversity and benefits that societies derive from 

animals symbiotic to jellyfish. Many animals use jellyfish as shelter since jellyfish serve as 

barriers between them and predators (Griffin et al., 2019). Such interactions, therefore, may 

regulate populations of symbiotic animals such as invertebrates, and more than 70% of fish 

that are commercially important (Griffin et al., 2019). If indeed the success of adult 

populations of many invertebrates depends on unimpaired symbiosis between a symbiotic 

animal and jellyfish, then the impaired jellyfish-phyllosoma symbiosis under OA may also 

reduce the population of lobsters and in turn, reduce benefits of their ecosystem services 

and commercial value (Jones, 2007; Spanier & Lavalli, 2013).  

 

Animal symbionts of jellyfish can detect medusae through chemical cues that 

enable them to use jellyfish medusae for transport and as food (Lavalli et al., 2019). I 

demonstrated that OA may impair the ability of phyllosomas to detect jellyfish (Chapter 

4). Since OA did not influence the swimming velocity of phyllosomas, the effect on 

chemosensory ability, particularly reduced attraction of lobsters to jellyfish due to OA, was 

demonstrated (Chapter 4). Animals that interact with jellyfish may lose energy under 

stress like OA which may impair their swimming activity and ability to reach jellyfish 

(Nagelkerken et al., 2016). Impaired swimming velocity of phyllosomas may reduce their 

contact with jellyfish even if their chemosensory ability is unimpaired. My thesis 
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demonstrates that only extreme OA may impair biological responses and ability to detect 

jellyfish by symbiotic invertebrates. It also contributes to understanding of effects of 

moderate OA on marine fauna particular some crustacean larvae that are symbionts of 

jellyfish. 

 

Metabolomics in examining stress response of jellyfish 

Biochemical analytical techniques such as untargeted metabolomics have led to 

major breakthroughs in exploring mechanisms of how stressors influence molecular and 

cellular endpoints (Viant, 2007; Bundy et al., 2009). Metabolomics involves analysing the 

composition of an organism’s low molecular weight organic compounds, called 

metabolites, within their tissues and biofluids. Relative abundances of metabolites may 

change in response to biological factors such as growth and reproduction and external 

factors such as temperature, pH and pollutants (Bundy et al., 2009; Mayor et al., 2015). 

Untargeted metabolomics allows equal assessment of multiple metabolites, is not inherently 

biased to a particular biochemical pathway, and is generally reproducible between 

laboratories (Bundy et al., 2009), making it effective in examining effects of anthropogenic 

stressors on important molecular and cellular endpoints (Mayor et al. 2015).  

 

Metabolites may shift in predictable patterns after exposure to environmental factors 

and metabolomics can determine changes associated with climate change (Sogin et al., 

2016). In this thesis, metabolomic techniques were used for the first time to determine 

responses of jellyfish to anthropogenic stressors of ocean acidification and warming. I 
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found that metabolites change even under moderate pCO2 conditions to some extent 

(Chapter 2). In that chapter, significant reduction of several metabolites such as amino 

acids and carbohydrates were observed under extreme ocean acidification consistent with 

impaired responses, such as reduced asexual reproduction and increased respiration rates. 

This demonstrates that metabolomics measures change in a range of metabolites supporting 

important biochemical mechanisms such as protein synthesis and energy metabolism 

(Bundy et al., 2009). Therefore, changes of biological responses like reproduction can be 

correlated to effects of stressors on metabolites to more accurately explain mechanisms of 

how anthropogenic stressors affect marine fauna.  
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Conclusions 

This thesis used environmentally relevant simulations and novel analytical 

approaches to assess sublethal responses and interactions involving jellyfish under coastal 

and global anthropogenic stressors like climate change. I found that polyps of the Irukandji 

jellyfish Carukia barnesi can survive and reproduce under even the most extreme climate 

scenario predictions with the lowest pH and elevated temperature condition, yet we 

detected several sublethal responses that might influence the maintenance of their 

populations. Apart from atmospheric stressors, coastal deoxygenation and acidification may 

not adversely affect creeping polyps of the Irukandji jellyfish, Alatina alata. However, the 

interaction between phyllosoma larvae of the lobster Thenus australiensis and jellyfish may 

be impaired under extreme ocean acidification since it was observed that phyllosomas spent 

more time away from jellyfish and exhibited sublethal responses to extreme ocean 

acidification. The findings here show that effects of anthropogenic stressors are inconsistent 

across jellyfish taxa since other species do not exhibit impaired eco-physiological responses 

under stressors. Responses of single species and inter-species interactions to anthropogenic 

stressors may influence the proliferation and fate of jellyfish under increasing magnitude of 

marine stressors such as ocean warming, acidification, and deoxygenation.  
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Directions for future research 

In my experiments (Chapters 2, 3, and 4), I acknowledged that the magnitude and 

range of CD and CA levels are often more extreme than those predicted for climate 

scenarios (Steckbauer et al. 2020). Therefore, more experiments must be conducted that use 

the range and combinations of stressors like CD and CA that species would potentially 

experience in coastal waters. Marine organisms also experience diel cycles of O2 and pH, 

and some experiments demonstrate effects on responses such as altered swimming 

behaviour under fluctuating water chemistry compared to static levels (Jarrold et al., 2018). 

Testing the effects of diel cycles of water chemistry in experiments is recommended since 

these fluctuations may impart changes on stress responses of animals, as exemplified by 

reduction of impaired behaviours of a reef fish under diel cycles. Such a test would 

determine whether these fluctuations influence ecological responses (Domenici et al., 2019; 

Melzner et al., 2020) of jellyfish in coastal waters with sometimes extreme fluctuations of 

conditions.  

 

To determine the responses of jellyfish to marine stressors, researchers can also 

examine biochemical responses through metabolomic techniques. ‘Omic’ technologies such 

as metabolomics can demonstrate biochemical changes and sometimes lead to novel 

hypotheses (Schiffman et al., 2019). This thesis and most experiments (Schiffman et al., 

2019), however, analyze the metabolites of the whole animal, which is an untargeted 

metabolomic approach, due to efficiency and size of the test animal (e.g. small jellyfish 

polyps). This may lead to difficulty in examining metabolic or behavioural responses such 
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as protein metabolism and neurosensory responses since the whole-body approach may 

mask tissue-specific biochemical responses to stressors (Liu et al., 2019). For example, 

nervous tissue of crabs Callinectes sapidus exhibit cell-level specific regulation of 

neuropeptides in the crabs exposed to reduced pH (Liu et al., 2019). However, when using 

different stages of animals such as medusae of jellyfish, which are orders of magnitude 

larger than polyps, some tissues and organs, and another set of replicates for whole animals 

should separately be harvested to more rigorously perform metabolomic analyses. This 

would allow assessment of metabolism- and behaviour-specific changes of metabolites. 

 

Beyond examining single species in experiments, evidences suggest that 

anthropogenic stressors can influence inter-species interactions such as those of fish and 

jellyfish (Nagelkerken et al., 2016). However, species interactions should also be examined 

by exposing both the symbiont and host or predator and prey (interactors) within the same 

stressor conditions since the completion of an interaction involves the combination of the 

behaviour of both interactors (Domenici et al., 2019). For example, the success of an attack 

of a predatory fish species to its prey depends whether the prey is active or vulnerable to 

predation (Domenici et al., 2019). These challenges in interpreting predator-prey responses, 

therefore, encourage manipulative experiments that expose both interactors to similar 

marine stressors, to properly assess effects of future conditions on animal inter-species 

interactions (Domenici et al. 2019). 
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Ocean acidification can disrupt neurosensory functions and γ-aminobutyric acid 

(GABA)A neurotransmitters, thereby eliciting behavioral alterations including those 

impaired chemosensory behaviours (Nilsson et al., 2012; Watson et al., 2014; Nagelkerken 

& Munday, 2016). Thus, changes in GABAA receptor functions should be examined to 

determine whether the impaired behaviour of interacting animals like symbionts are related 

to GABA-mediated behaviours. Chemical blockers (antagonists) of GABAA receptors such 

as gabazine and picrotoxin may be used to examine whether ocean acidification altered 

GABAA receptor functions of marine fauna since they can reverse any GABA-mediated 

impaired behaviours and, in turn, indicate effects of OA on GABAA receptors (Nilsson et 

al., 2012; Tresguerres & Hamilton, 2019).  

 

Multiple life history stages and several species of jellyfish should be included in 

experiments with different durations since effects of stressors may vary between each life 

history stage and exposure to marine stressors. Since the different life history stages of a 

species maintain their populations in ecosystems, responses of all life stages and the 

potential effects of stressors of the preceding stage to another may determine the fate of the 

species (Marshall & Morgan, 2011). Experiments should also consider extending duration 

(e.g. several months) to expose multiple generations of biota to realistic and combined 

stressors, to determine degrees of adaptation of biota to stress (see Torda et al., 2017).  
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