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Abstract 

Jellyfish can compete with fish for food resources, or feed on fish eggs and larvae. They 

also provide habitat and space for developing larval and juvenile fish which use their 

hosts as means of protection from predators and feeding opportunities. However, the 

broader ecological relevance of jellyfish is often neglected beyond their role as 

stressors to the marine environment, including fish communities. However, this is a 

gross over-simplification of the true role of jellyfish in the marine environment, yet the 

link between field biologists and modellers remains a limiting factor in their inclusion 

in ecosystem and fisheries models. Using a multidisciplinary approach, this thesis 

aimed to provide a balanced understanding of the net impact of jellyfish on fish 

communities in the Irish Sea, and to provide a means for researchers to do the same in 

marine systems around the world.  

Chapter one of this thesis is a broad synthesis of the traditional, as well as the more 

recent and nuanced view of the role of jellyfish in the marine environment. Chapter 

two employs comparative phylogenetic techniques and indicates that jellyfish 

association is a probable adaptive anti-predator strategy for juvenile fish, more likely 

to evolve in benthic (fish living on the sea floor), benthopelagic (fish living just above 

the bottom of the seafloor) and reef-associating species than those adapted to other 

marine habitats.  

Latter experimental chapters predominantly employ trophic investigation and analysis 

to assess fish-jellyfish predator-prey interactions in the Irish Sea. Chapter three 

investigates jellyfish inter-tissue isotopic variation and discusses whether tissue and/or 

size-based isotopic grouping are suitable parameters for the inclusion of jellyfish in 

ecosystem, fisheries and food web models in the future. Evidence for inter-tissue δ15N 

variation within and across scyphozoan jellyfish species is provided. Furthermore, 

findings indicate how δ15N may be influenced by jellyfish size, which in certain instances 

may be a useful tool in accounting for the nuances of jellyfish trophic ecology. Chapter 

four employs the latest Bulk Stable Isotope Analysis (BSIA) and Compound Specific 

Isotope Analysis (CSIA) techniques to quantify robust jellyfish Trophic Discrimination 

Factors (TDFs) to aid the estimation of jellyfish Trophic Position (TP). Findings suggest 

that estimates based on a bulk TDF of 2.9‰ and an amino-acid TDF of 7.6‰ overlapped 
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for all comparisons indicating that these TDF values may be appropriately 

representative of jellyfish: allowing for their inclusion in isotopic food web studies in 

the future. In the last experimental chapter, we used jellyfish appropriate TDFs to 

resolve jellyfish trophic positions and explore the role of jellyfish in an Irish Sea food-

web context. More specifically we explored whether trophic fish-jellyfish interactions 

are a two-way street i.e. do fish eat jellyfish and do jellyfish eat fish. Finally, in chapter 

six we bring together all the strands of the thesis and discuss the broader relevance of 

the findings. As pressure on fin-fish stocks increase year on year due to overfishing, 

habitat disturbance and climate change, acknowledging and accounting for additional 

but lesser known factors such as fish-jellyfish interactions such as two-way predation 

is important to inform and safeguard sustainable fisheries and fishing in the future. 

More specifically, to ignore fish-jellyfish interactions and their trophic importance in 

marine systems and food webs, runs the risk of misrepresenting the ecological role of 

a broad array of species, not least commercial fish upon which jellyfish can impact both 

negatively and positively. 
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1.1 Overarching rationale 

This thesis is presented as three experimental chapters that come together under the 

general theme of gelatinous zooplankton ecology. The project arose from an ongoing 

collaboration between Queen’s University Belfast and the Agri-Food and Biosciences 

Institute (AFBI) in Northern Ireland. PhD Funding was awarded from the Department 

of Agriculture, Environment and Rural Affairs (DAERA) in direct response to their stated 

environmental objectives. Specifically, this project was aligned directly with objective 

‘Productivity and sustainability of local sea fisheries and aquaculture’ in 2014. In this 

opening chapter I provide an up to date overview of gelatinous zooplankton ecology as 

a comprehensive backdrop for this thesis before outlaying the synthesis and 

interconnectivity of the experimental chapters. 

 

1.2 Negative perception of jellyfish 

1.2.1 Impacts on tourism, power and aquaculture industries  

Over the years jellyfish have acquired a “pest” status in relation to their negative 

impact on human endeavour in the marine environment (Baird & Ulanowicz, 1989; 

Richardson et al., 2009; Boreo, 2013). There are many areas in which they cause 

considerable disruption and financial loss, making them a prime target for such 

labelling (Purcell, 2012). However, among the general public it is primarily their ability 

to sting bathers and force beach closures that has secured their negative 

characterisation. Yet, because jellyfish are so widely distributed and often form blooms 

in coastal areas, it is inevitable during summer months that they will come into contact 

with swimmers (Mariottini & Pane, 2010; Boreo, 2013). However, the sting from many 

jellyfish species causes little to mild discomfort, while a small minority of cnidarian 
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venoms are known to produce toxic effects in humans (Mariottini & Pane, 2010; 

Cegolon et al., 2013).  

Disruption to the power production and desalination industry is another reason 

jellyfish have become known as “nuisance” species (Purcell et al., 2007; Purcell, 2012).  

There have been many reports of large blooms of scyphozoan jellyfish clogging 

seawater intake systems, causing frequent production reductions or shutdowns most 

notably in Japan but also in parts of Europe, Middle East, India and North America 

(Purcell et al., 2007). Graham et al. (2014) pointed out that 44% of the world’s human 

population live within 100km of the coast and that energy demands are largely met by 

power plants equipped with seawater-cooled condensers. Adding to this is the fact that 

many of the world’s energy production sites, including nuclear power, overlap in space 

with recurring blooms of jellyfish, it is clear these types of disruptions present an 

ongoing threat for power production generation (Graham et al. 2014).   

The aquaculture industry has expanded exponentially over the past two decades 

wherein it now plays an ever increasing role in global food security, providing roughly 

half of the fish consumed worldwide (Troell et al., 2014). However, the industry has 

sustained huge financial losses during this same period owing to jellyfish blooms 

(Baxter et al., 2011). Small jellyfish and the tentacles of larger jellyfish enter fish pens, 

where nematocyst cells irritate fish gills resulting in haemorrhage and subsequent 

suffocation (Johnston et al., 2005). In one particularly severe incident in 2007, a bloom 

of Pelagia noctiluca (Fig. 1.1) killed 250,000 harvest ready Atlantic salmon (Salmo 

salmar) in Northern Ireland, incurring losses of over £1 million (Doyle et al., 2008; Hay 

& Murray, 2008). Other notable fish kill events due to jellyfish have been recorded in 

France, Scotland, India, Norway and the US (Rajagopal et al., 1989; Merceron et al., 
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1995; Purcell et al., 1999; Johnson, 2002; Heckmann, 2004). Such incidents have been 

a major driver for targeted research into the impact of jellyfish on aquaculture farmed 

fish (Baxter et al., 2011).  

To mitigate against negative impacts of jellyfish blooms,  researchers have often 

concentrated on forecasting jellyfish spatial and temporal distribution (Houghton et al., 

2007; Bastian et al., 2011; Brodeur et al., 2016). By collecting data on abundance, 

biomass and location in combination with other environmental factors, scientists have 

sought to generate spatial predictive models  in an attempt to  lessen the impact of 

jellyfish blooms in the future (Houghton et al., 2006; Nickell et al., 2010; Fleming et al., 

2013).   

 

Figure. 1.1. The mauve stinger (Pelagia noctiluca) (Cnidaria: Scyphozoa) is a small pelagic 

jellyfish generally pink-mauve or light-brown coloured, with a phosphorescent bell. Pelagia 

noctiluca has direct development, so its reproductive cycle does not comprise the benthic 

scyphistoma stage. ©Hans Hillewaert 
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1.2.2 Jellyfish as predators and competitors of fish 

Large aggregations of jellyfish can impact negatively on the fishing industry through the  

loss and degradation of catch (Acha et al., 2014). However, ecological interactions such 

as jellyfish preying on pelagic fish eggs and larvae, or jellyfish competing for food 

resources with adult fish, may be having a significant but less obvious impact on 

fisheries. For example, Graham et al. (2003) demonstrated extraordinarily high 

consumption rates of fish eggs by Phylorrhiza punctata jellyfish in the Gulf of Mexico 

while Lynam et al. (2004) found Aurelia aurita had a negative impact on herring (Clupea 

harengus) survival and recruitment in the North Sea. While the environmental context 

of how, why and to what extent jellyfish can impact negatively on fish communities 

varies, in some circumstances the impacts are detectable over considerable temporal 

and spatial scales. The invasive ctenophore Mnemiopsis leidyi contributed to the 

collapse of the pelagic fish population in the Black Sea by feeding on the food supply of 

anchovy (Engraulis encrasicolus) as well as their eggs and larvae (Kideys, 2002). After 

the Mnemiopsis leidyi invasion the Black Sea was characterised as an ecosystem with  

low biodiversity dominated by ‘dead end’ gelatinous food web (Vinogradov et al. 1992) 

from which it is still recovering (Tsikliras et al., 2015). 

The apparent phenomenon whereby marine systems shift from fish to jellyfish 

dominated, aided by human induced stresses, has been labelled the ‘jellyfish joyride’ 

by Richardson et al. (2009) (Fig. 1.2). Research showing a profound ecosystem change 

including an increase in jellyfish biomass in northern Benguela (Lynam et al., 2006) was 

purported to demonstrate how the ‘jellyfish joyride’ had already begun (Richardson et 

al., 2009). Furthermore, some researchers commented such shifts towards a more 

gelatinous state may be irreversible as jellyfish impede fish stock recovery by feeding 
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on fish eggs and larvae and competing  for fish food with lasting ecological, economic 

and social consequences (Lynam and Brierley, 2006; Richardson et al., 2009 Sommer et 

al., 2002). However, while it is beyond doubt jellyfish can impact on coastal industries 

and ecosystems in which they occur in large numbers, the concept of the ‘jellyfish 

joyride’ prompted a debate where some argued there was a risk of focussing too 

narrowly on the negative. Subsequently, a more nuanced view of the ecological role of 

jellyfish emerged.  
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Figure 1.2. Probable mechanisms promoting jellyfish outbreaks. (a) Summary of the impacts of habitat modification (Lo et al., 2008), translocations (Graham & 

Bayha, 2008) and overfishing (Bakun & Weeks, 2006) on jellyfish outbreaks; (b) Summary of the impacts of eutrophication  and climate change (Purcell et al., 

2007) on jellyfish outbreaks. Jellyfish symbols represent jellyfish blooms. Scientific illustration and caption taken from Richardson et al. (2009).
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1.3 Changing attitudes to the role of jellyfish in marine systems 

Jellyfish research has traditionally been prompted by a need to foresee and overcome 

the negative impacts of jellyfish on marine environments and industry (Lynam et al., 

2005; Doyle et al., 2008; Tomlinson et al., 2015). Recently however, there has been a 

notable shift in how jellyfish are viewed and defined in marine ecosystems. After 

Richardson et al. (2009) coined the term ‘jellyfish joyride’, it became synonymous with 

not only the adverse effects jellyfish have directly on marine ecosystems and human 

endeavour but also with the proposed contributing factors which were supposed to be 

integral to their ability to ‘take over’ marine systems. These factors included overfishing, 

eutrophication, climate change, translocation and habitat modification. However, the 

consensus that global jellyfish abundance is increasing was called into question when 

Condon et al. (2013) showed how jellyfish abundances undergo large worldwide 

oscillations operating over decadal scales. The broader inference is that these cyclical 

trends are likely the causes of perceived jellyfish abundance increases rather than a 

definite continual rise in jellyfish numbers globally. Rather, the emphasis of jellyfish 

research has shifted from the rise and fall of jellyfish abundances to nuanced 

investigation of their ecological role in marine systems (Condon et al., 2012, 2013; 

Gibbons & Richardson, 2013).  In the context of this changing attitude among scientists, 

Doyle et al. (2014) reviewed the evidence that jellyfish provided beneficial ecosystem 

services in their own right suggesting that the story is not entirely to the detriment of 

other marine organisms, as was suggested by Richardson et al. (2009). On the back of 

this sentiment, ‘The secret lives of jellyfish’ was explored by Hamilton (2016) in a 

feature article in Nature. The author documented the evolution in our understanding 

of how jellyfish function within marine systems and began the article with a fitting 
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recognition of how jellyfish were long regarded as minor players in ocean ecology but 

are actually an important part of marine food webs. Finally disposing of the trope that 

jellyfish are trophic dead ends which are ignored by most predators because of their 

low energy content, Hays et al. (2018) went further, asserting that there has been a 

paradigm shift in the trophic importance of jellyfish. Pointing to new research driven 

by cutting edge technologies such as stable isotope analysis, animal borne cameras and 

DNA metabarcoding, Hays et al. (2018) showcased overwhelming evidence that 

jellyfish are integral components of marine food webs and warrant attention for 

reasons far exceeding their negative impacts on human enterprise. 

1.3.1 Ecosystem services provided by jellyfish 

Ecosystem services are the benefits that people obtain from ecosystems, including 

food, natural fibres, a steady supply of clean water, regulation of pests and diseases to 

name a few (Anonymous, 2005). Jellyfish contribute to the four categories of 

ecosystem services defined by the Millennium Ecosystem Assessment including 

regulating, provisioning, cultural and supporting services. While studies showing the 

‘positive’ impacts of jellyfish were not lacking, they were often overshadowed by the 

well documented ‘negative’ aspects of jellyfish blooms. However, by gathering all the 

evidence for jellyfish as ‘positive contributors’ under the headings of each ecosystem 

service category, Doyle et al. (2014) highlighted the importance of balance when 

considering the net impact of jellyfish in marine systems.  Furthermore, the ecosystem 

services jellyfish provide may have far-reaching implications for society in relation to 

the fate of our oceans, tackling climate change as well as human health and endeavour. 
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1.3.2 Regulating services  

Regulating ecosystem services are defined as the benefits obtained from the regulation 

of ecosystem processes such as climate regulation, natural hazard regulation, water 

purification, waste management or pollination (Anonymous, 2005). However, carbon 

sequestration and its role in climate regulation is an important ecosystem services in 

which jellyfish are involved (Doyle et al., 2014). For example, the global average 

atmospheric carbon dioxide (CO2) concentration has risen to levels higher than in the 

previous 80,000 years (Lüthi et al., 2008). While much of the efforts to combat the rise 

in atmospheric CO2 and subsequent global warming has concentrated on the reduction 

of CO2 emissions, another approach has been to combine this strategy with the 

conservation of natural ecosystems with high carbon sequestration rates and capacity 

(Canadell & Raupach, 2008). Rapid sinking of organic particles to the deep sea is a key 

process of the biological pump in sequestering carbon from the atmosphere (Graham 

et al., 2014) and it is in this respect that jellyfish and jellyfish falls (i.e. when gelatinous 

organisms die and sink from the water column to the sea floor) can aid in this process 

(Lebrato et al., 2012). Mass deposition events of dead jellyfish to the sea floor have 

been recorded worldwide (Lebrato et al., 2012) and the amount of carbon deposited 

from a single jellyfish-fall event may be approximately four times the annual carbon 

input to the seabed from other means (Lebrato & Jones, 2009). Thus jellyfish-falls are 

considered one of the most important vertical carbon transport processes in the sea 

(Madin et al., 2006; Lebrato et al., 2012; Henschke et al., 2013).  

The global significance of jellyfish as carbon vectors to the seafloor is amplified 

considering that the continued increase in atmospheric concentration of CO2
 due to 

anthropogenic emissions is predicted to lead to an expected warmer ocean which is 
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more stratified, acidic, oxygen-poor and characterised by reduced upwelling (Cox et al., 

2000; Gregg et al., 2003). Due to these potential changes, the amount of carbon 

exported to depth through traditional mechanisms is expected to be reduced as 

phytoplankton communities shift from large diatom-based assemblages to 

picoplanktonic with lower export efficiency (Buesseler et al., 2007; Smith et al., 2008). 

Therefore, if classic carbon transport (phyto-detritus) processes become less important 

in future oceans, an increased amount of Jellyfish Particulate Organic Matter (J-POM) 

sinking to the seabed could mitigate some of the losses of carbon from phytoplanktonic 

sources (Lebrato et al., 2012). 

Jellyfish-falls are just one mechanism by which jellyfish can facilitate the transport of 

carbon to the sea floor.  Due to their widespread occurrence and tendency to form 

large blooms, salps (pelagic tunicates belonging to the Order Salpida) which feed on 

small phytoplankton and produce organic-rich faecal pellets, have rapid defecation and 

faecal pellet sinking rates. These faecal sinking rates are much faster when compared 

to phytoplankton-derived particles that sink passively. Conversely, a recent study has 

shown how microplastic ingestion by jellyfish may lower the efficiency of salp faecal 

sinking rates under high ambient levels off microplastics in the future (Wieczorek et al., 

2019). However, at current levels of ocean microplastics, rapid conveyance of small 

particulate matter from surface to deep water makes salps a noteworthy transport 

mechanism in this regard, contributing disproportionately to the vertical flux to the 

benthos (Madin, 1982; Turner, 2002). 

1.3.3 Provisioning services 

Provisioning services are the products obtained from ecosystems such as food, fresh 

water, fuel or biochemicals (Anonymous, 2005) and while it may be little-known in 
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Western countries, jellyfish have been a source of food for humans for more than 1,700 

years (Omori & Nakano, 2001; Li & Hsieh, 2004). Jellyfish fisheries are based 

predominantly in Asian countries such as China but also Japan, Malaysia and Korea for 

example (Brotz, 2016). More recently however, smaller jellyfish fisheries have opened 

elsewhere including Australia and the U.S.A, driven by market demand in Asia as well 

as worldwide collapses of more traditional local finfish and shellfish stocks (Brotz, 

2016). A global catch reconstruction based on jellyfish landing data from 1950 to 2013 

revealed the number of fishing countries, the number of targeted species and the 

magnitudes of catches have all been largely underestimated until recently (Brotz, 2016). 

Contemporary global landings of jellyfish were estimated to be at least 750,000 tonnes 

per-annum, double previous estimates and exceeding the catch of many traditional 

fisheries (e.g. lobster) (Graham et al., 2014; Brotz & Pauly, 2016). The importance of 

jellyfish fisheries to China economically and in terms of food security is highlighted by 

You et al. (2007) who stated that jellyfish-related businesses generate millions of 

dollars each year in Asia. Furthermore, because jellyfish are considered a delicacy in 

China and attributed special medicinal values by consumers, the Asian markets are 

often undersupplied (You et al., 2007). Research into breeding young medusae in 

culture ponds as a means for expanding the production of the jellyfish Rhopilema 

esculentum was initiated in the 1980s, primarily to meet the demand for human 

consumption and medicinal products (You et al., 2007). This practice became so 

successful that the jellyfish aquaculture industry replaced the more traditional shrimp 

and fish aquaculture industry in many areas (Guan et al., 2004). 

In terms of the health benefits of jellyfish, it is believed the consumption of jellyfish can 

effectively cure arthritis, hypertension, back pain, ulcers, tracheitis, asthma, burns, and 



24 
 

other illnesses as well as relieve fatigue, though You et al., (2007) warned that more 

scientific experiments are needed to verify many of these claims. However, jellyfish 

tissue is rich in collagen and research into the potential for jellyfish collagen to be used 

in biomedical applications found it had a similar biological effect on human cells to that 

of mammalian sourced collagen (Addad et al., 2011). Thus, the authors suggested 

jellyfish collagen makes a good replacement candidate for use in various biomedical 

applications, including rebuilding muscle, cartilage, and bone. Furthermore, studies 

have shown the anticancer and antioxidant potential of Chrysaora quinquecirrha (sea 

nettle) nematocyst venom, are comparable to that of animals treated with current 

standard treatment drugs (Balamurugan et al., 2010).  

Arguably one of the greatest benefits jellyfish have had on medical science has been 

the discovery and subsequent development of Green Fluorescent Protein (GFP) (Ohba 

et al., 2013). GFP is a fluorescent protein that was originally isolated from the luminous 

organ of the jellyfish Aequorea victoria by Dr. Osamu Shimomura (Morise et al., 1974). 

Following its initial discovery, it provided the molecular biology field with a non-

invasive luminescent marker that revolutionised studies of cell biology and physiology 

(Graham et al., 2014). It became commonplace in studies involving protein dynamics, 

fluorescence microscopy, reporting genes, transgenic plants, fungal biology, bacterial 

protein localisation and real time molecular and cellular analysis often with a range of  

medical applications including cellular research and diagnosis (Zimmer, 2002).  

1.3.4 Cultural services 

Cultural services are non-physical benefits that humans obtain from ecosystems 

through spiritual enrichment, cognitive development, reflection, recreation or 

aesthetic experiences (Anonymous, 2005). These can include cultural diversity, 
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spiritual and religious values, knowledge systems, social relations, cultural heritage and 

tourism. Surprisingly, even in countries that do not have a tradition of fishing for and 

eating jellyfish, highly aestheticised representations of jellyfish in video and still 

photography proliferate in pop culture (Alaimo, 2013). For example, ‘Jellies: living art 

exhibition’ at the Monterey Bay Aquarium (MBA) California, combines live jellyfish 

displays with a collection of artworks including works on paper, paintings and sculpture. 

To date, this has been the most popular display in the aquarium history attracting over 

10 million visitors (Doyle et al., 2014) (Fig. 1.3). Alaimo (2013) stated that while there 

are undoubtedly many reasons to be interested in jellyfish strictly from a scientific 

perspective, the scientific representation of these creatures is also extraordinarily 

aesthetic.  

 

Figure 1.3. Moon jellyfish on display at Aquarium Berlin ©Samantha Ward, 2019. 

 

Whilst jellyfish can deter people from beaches, they are also a driver of tourism in 

certain areas around the world. According to Dawson et al. (2001) one of the most 

remarkable sights in the Western Pacific is a perennial swarm of 1.5 million golden 
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jellyfish (Mastigias papua) crowded into a land locked marine lake in Palau, Micronesia. 

Since the marine lakes were brought to the attention of the general public, many 

nature and diving magazines, radio and television shows have explored their 

inhabitants (Dawson et al., 2001). This publicity established jellyfish lake in Palau as 

one of the most popular snorkelling areas in the Tropical Pacific where, on average, 

30,000 tourists visit jellyfish lake each year, providing a valuable source of revenue for 

the country. 

1.3.5 Supporting services 

Supporting services are those which are necessary for the production of all other 

ecosystem services (Anonymous, 2005). They differ from other services as their 

impacts on humans are indirect or occur over a long-time period such as production of 

atmospheric O2 (through photosynthesis), soil formation, nutrient cycling and 

provisioning of habitat, for example (de Groot et al., 2002). Appendicularians are small, 

gelatinous, free swimming tunicates which are common in most oceans and contribute 

significantly to nutrient recycling (Deibel, 1998; Vargas et al., 2002). A unique 

characteristic of appendicularians is their external filtering apparatus which sieves and 

concentrates a wider range of particle sizes from 0.2 – 3.0 µm, thus capturing 

organisms from bacteria to microplankton (Gorsky, 1998). It is this ability to obtain 

energy from the microbial loop, rather than the classic ‘diatom-copepod-fish’ food 

chain (Gorsky, 1998), which aids their nutrient recycling role in marine systems by 

providing an alternative energy pathway (Doyle et al., 2014). More generally, due to 

their boom and bust population dynamics, the potential for jellyfish to contribute 

significantly to nutrient recycling is large and proportionate to the size of their 

populations (Pitt et al., 2005). By determining the contribution to inorganic nutrient 
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recycling of co-occurring jellyfishes, Pitt et al. (2005) found nitrogen excretion can 

account for approximately 8% of the inorganic nitrogen requirements of phytoplankton 

consumed in intermittently open coastal lagoon in New South Wales, Australia. 

Furthermore, a manipulative mesocosm experiment in a comparable saline coastal lake 

in Australia found that increased primary production was due largely to a 10-fold 

increase in the diatom Chaetoceros sp. (West et al., 2009). This exponential diatom 

growth was predominantly driven by phosphate excreted by jellyfish (Catostylus 

mosaicus) which was the limiting nutrient in the lake. West et al.  (2009) suggested that, 

while blooms of both zooxanthellate and non-zooxanthellate jellyfish deplete 

mesoplankton and alter the composition of microzooplankton via top down processes, 

excretion of nutrients by blooms of non- zooxanthellate jellyfish can also greatly 

increase phytoplankton production. 

Another way in which jellyfish can facilitate production is by contributing to ocean 

mixing. More broadly, ocean mixing is one of the major determinants of ocean 

circulation and its climatological influences (Bryden & Imawaki, 2001; Wunsch, 2017). 

Recent studies have evoked debate about whether biologically generated ocean mixing 

(or biogenic) affects overall mixing processes in a substantial way (Katija, 2012). 

However, estimates of jellyfish biogenic inputs have shown that their contribution to 

ocean mixing is of the same order as winds and tides (Katija, 2012). Based on their 

vertical migration behaviour and variables such as morphology, swimming mode and 

body orientation, it is likely some species have the potential to be strong sources of 

biogenic mixing (Katija, 2012). As jellyfish swim between different layers in the water 

column they facilitate the transport of nutrients and other dissolved water across 

physiochemical boundaries stimulating production in these areas. Again, considering 
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the boom and bust nature of jellyfish populations and the high abundances they can 

attain, such contributions to ocean mixing may be significant, having an impact on 

ecosystem functioning, for example, via the resupply of nutrients to depleted surface 

waters which may enhance surface primary production (Doyle et al., 2014). 

 

1.4 Fish-jellyfish interactions 

Jellyfish are involved in a range of ecological fish-jellyfish interactions, also falling under 

the category of ‘supporting’ ecosystem services. Of these, competition and predator 

interactions have already been mentioned (see 1.2.2), which ultimately may have a 

significant negative impact on fish stocks and annual recruitment. Conversely however, 

jellyfish as prey and jellyfish as hosts for juvenile and larval fish can serve to positively 

influence fish stocks and annual recruitment (e.g. Cardona et al., 2012; Lynam and 

Brierley, 2006). 

1.4.1 Jellyfish as prey 

The reconsideration of how jellyfish factor into marine food webs is the most significant 

shift in attitude by the jellyfish research community in recent years (Doyle et al., 2014; 

Hays et al., 2018). Traditionally viewed as trophic dead ends (i.e. nutrients directed 

towards jellyfish are lost to taxa higher up the food chain; Hansson and Norrman, 1995; 

Lynam et al., 2006), this idea has been overturned thanks to numerous studies 

demonstrating how jellyfish are key prey for a range of different species (Arai 2005; 

Purcell and Arai, 2001). Other than the leatherback sea turtle (Dermochelys coriacea) 

which is widely known to be an obligate jellyfish feeder, Arai (2005) drew attention to 

numerous fish, mollusc, arthropod, reptile and bird species which utilise jellyfish as 

prey.  Many jellyfish predator observations involve the pelagic or medusa stage of the 
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jellyfish. However, predation on the sessile benthic life stage of jellyfish is also a viable 

food source for benthic fauna which can potentially impact on subsequent abundances 

of pelagic medusae. Hernroth and Grondahl (1985) showed how the marine gastropod 

nudibranch (Coryphella verrucose) ingested benthic Aurelia sp. polyps on settling plates 

at a rate up to 200 polyps per day which is believed to be responsible for a drastic 

decline in polyp abundance in Gullmar Fjord, Sweden. Furthermore, Hoover et al. 

(2012) showed how four different species of nudibranch fed on Aurelia labiata polyp, 

again emphasising their potential role as a source of top-down control on benthic polyp 

populations. Indeed, instances of predation and scavenging of jellyfish (pelagic 

scyphozoa, hydrozoan and ctenophore) by benthic invertebrates were reviewed by 

Ates (2017), revealing a long list of species (n>55) dominated by sea anemones and 

decapod crabs as being directly involved in such interactions.  

Despite studies to the contrary, jellyfish continued to be depicted as dead ends in 

marine food chains or as a rare source of food for predators up until relatively recently 

(e.g. Lynam et al., 2006; Ruzicka, 2007; Condon et al., 2011). Two independent studies 

in the late 1980s showed over 50 species of fish were identified as consuming jellyfish 

(Arai, 1988; Ates, 1988). Although representing a small proportion of fish species 

worldwide, the number of fish identified as feeding on jellyfish slowly began to rise as 

scientists became increasingly aware of the inherent difficulties involved when 

assessing jellyfish contributions to diet when using gut content analysis (Hays et al., 

2018) (Fig. 1.5). Due to extremely high clearance rates of soft bodied taxa such as 

jellyfish, their significance is often underestimated in studies using gut content analysis 

to attribute proportionate energy flow within food webs (Symondson, 2002). For 

example, spiny dogfish (Squalus acanthias) were considered to rarely prey on jellyfish 
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until gut content analysis was carried out on freshly caught samples, rather than 

preserved, as was standard practice at the time. As a result, 30-40% of stomach content 

volume was found to be jellyfish (Bowman et al., 1984; McFarlane, 1984). More 

recently, a large-scale stomach content analysis showed 39 of the 107 fish species 

sampled consumed jellyfish, 23 of which had not been documented as doing so 

previously (Brodeur et al., 2019). Again, gut content analysis in this study was carried 

out directly after the fish were caught, a method which is becoming more common in 

fisheries and ecology research, specifically to mitigate problems with soft bodied taxa 

and preservation (Brodeur et al., 2019).  

In recent years, studies have used a variety of techniques such as stable isotope 

analysis of predator tissues, animal-borne cameras, remotely operated vehicles and 

molecular analysis of stomach contents and fecal samples and discovered a broad 

range of marine predators frequently feed on jellyfish (e.g. flying sea birds: McInnes et 

al., 2017; penguins: Jarman et al., 2013; Baptiste et al., 2016; Mcinnes et al., 2016; 

Thiebot et al., 2017; fish including fish larvae: Cardona et al., 2012; Arkhipkin & 

Laptikhovsky, 2013; D’Ambra et al., 2014; Milisenda et al., 2014; Lamb et al., 2017; 

Ayala et al., 2018; turtles: Fossette et al., 2012; Heaslip et al., 2012; González Carman 

et al., 2014; crab: Sweetman et al., 2014; Dunlop et al., 2017; rock lobster larvae: Rorke 

et al., 2012). These approaches have also increased our knowledge of predators 

previously well known to feed on jellyfish such as leatherback turtles and ocean sunfish.  

Single observations of fish feeding events on jellyfish have also greatly helped our 

understanding of these interactions. For example, Dias and Almeida (2015) 

documented the first record of predation on the jellyfish Chrysaora lactea by an 

aggregation of French Angelfishes (Pomacanthus paru) on Brazilian rocky reefs, 
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suggesting temporarily available food resources such as jellyfish benefit species with a 

more generalist diet. Cardona et al. (2012) used stable isotopes of carbon and nitrogen 

to discover massive consumption of jellyfish by apex predators in the Mediterranean 

including bluefin tuna (Thunnus thynnus), little tunny (Euthynnus alletteratus), 

spearfish (Tetrapturus belone), swordfish (Xiphias gladius), loggerhead sea turtles 

(Caretta caretta) and ocean sunfish (Mola mola).  Similarly, novel use of mitochondrial 

DNA assays showed that predation on jellyfish by commercially important species such 

as herring (Clupea harengus) and whiting (Merlangius merlangus) was prevalent in the 

Irish Sea (Lamb et al., 2017, 2019). Taken together, the multi-disciplinary approach to 

investigate jellyfish predator-prey interactions involving stable isotope analysis (SIA), 

DNA metabarcoding and more traditional gut content analysis has been key in 

revaluating the ecological role of jellyfish in marine systems (Hays et al., 2018).  

1.4.2 Fish-jellyfish associations 

Associative behaviour is defined as the spatial relationship between an animal (or a 

group) of a given species and an animal of another species or object, based on a 

decision by at least one of the two individuals to maintain contact or close proximity 

(Castro et al., 2001). Fish-jellyfish associations are reported as early as the 19th century 

beginning with Beneden (1876). Later, Step (1924) and Dean et al. (1923) listed some 

of the earliest known fish-jellyfish symbionts. Meanwhile, the number of fish species 

recorded as exhibiting this behaviour has grown, which prompted a review of symbiotic 

behaviour between small fish and jellyfish by Mansueti (1963). In the review, Mansueti 

(1963) identified a total of 66 different fish species from nine different families involved 

in fish-jellyfish associations. However, despite suggesting that these fish may only 

represent a small number of families that produce young that could be potentially 
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symbiotic, Mansueti (1963) made light of the importance of these symbioses, stating 

that they are probably of no great significance to the long-range ecology and biology 

of the fishes involved. Castro et al. (2001) counter argued this assertion from Mansueti 

(1963), suggesting that such behaviour has evolved to safeguard the survival of eggs, 

larvae and juvenile stage of fishes during vulnerable stages of their development. 

Although it is now widely accepted that the motivation for fish to associate with 

jellyfish is multi-faceted, the two main hypotheses genrally accepted as driving the 

behaviour are protection from predators (Gooding & Magnuson, 1967; Hunter & 

Mitchell, 1968; Feigenbaum et al., 1989) and availability of food (Gooding & Magnuson, 

1967; Purcell & Arai, 2001). 

Despite the classic example of fish-jellyfish association involving the man-of-war-fish 

(Nomeus gronovii) with the pleustonic siphonophore (Physalia physalia), the most 

common associations are among juvenile fish and scyphomedusae (Purcell & Arai, 

2001).  Young walleye pollock (Gadus chalcogrammus) are frequently associated with 

large scyphomedusae (predominantly Chrysaora melanaster) in the Bering Sea 

(Brodeur, 1998). Brodeur (1998) suggested that juvenile pollock are symbiotic with 

jellyfish until they reach a size at which they can escape most gape-limited predators 

and suggested that the amount of suitable ‘medusae habitat’ available to them may be 

a determinant of recruitment success. Although large carnivorous jellyfish such as 

Chrysaora melanaster may affect earlier stages of pollock, either by directly consuming 

them or by competing with them for limited food resources, Brodeur (1998) 

hypothesised some benefit (i.e. shelter from predators) could be derived by juvenile 

pollock through association with jellyfish. 
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In the North Sea, Lynam and Brierley (2006) observed gadoid fish sheltering and finding 

refuge from predators beneath jellyfish umbrellas and found considerable spatial 

distribution overlaps between young gadoid fish and scyphomedusae jellyfish in the 

same area.  Subsequent analysis revealed significant positive correlations between 

whiting (Merlangius merlangus) survival and jellyfish abundance, suggesting that 

jellyfish may be an important factor influencing the mortality of whiting in the North 

Sea. Similarly, in the North Pacific, Sassa et al. (2006) reported the abundance of jack 

mackerel (Trachurus symmetricus) juveniles was positively correlated with that of 

Pelagia noctiluca medusae and suggested that the fish may profit from the drift of 

medusae into convergences where planktonic food often accumulates. An increase of 

food availability is widely accepted as the other principal motivator for juvenile fishes 

to associate with jellyfish. Moreover, there are a range of pathways by which juvenile 

fish could increase their food availability when associating with jellyfish beyond that of 

associating with floating material. Indirectly, juvenile fish can increase their access to 

food resources by feeding on i) zooplankton entrained by jellyfish swimming pulses or 

captured in the tentacles of the jellyfish before host ingestion; and (ii) amphipod 

parasites present on the jellyfish host (Mansueti, 1963; Purcell & Arai, 2001; Fleming 

et al., 2014). What is more, jellyfish hosts can also provide a direct means of food 

resource to associating fish. For example, D’Ambra et al. (2014) used stable isotope 

analysis to highlight how juvenile Atlantic bumper (Chloroscombrus chrysurus) fed 

directly on their jellyfish hosts (Aurelia sp. and Drymonema larsoni) which contributed 

up to 100% of their assimilated diet in some instances. This tendency was also observed 

by Mansueti (1963) who noted how juvenile harvestfish (Peprilus paru) use their 

medusa hosts initially for protection from predators but, as they grow, the dynamics of 
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the relationship change to a point where the fish consume parts of the jellyfish, as well 

as possibly stealing food caught by the jellyfish.  

1.4.3 The knock-on effect on humans and global food security 

In 2015, fish protein accounted for about 17% of animal protein consumed by the 

global population (FAO, 2018). More specifically, fish provided approximately 3.2 

billion people with almost 20% of their average per capita intake of animal protein 

whilst the fishing and aquaculture industry assured the livelihoods of 10-12% of the 

world’s population (FAO, 2018). Therefore, failing to account for ecological interactions, 

including fish-jellyfish interactions, will have large socio-economic impacts as a result 

of positively or negatively influenced fish survivorship and mortality. (Tupper & 

Boutilier, 1995b; Brodeur et al., 2002; Lynam et al., 2005; Lynam & Brierley, 2006). 

Studying the impact of jellyfish on fish communities has increased salience given the 

stressors fish populations are already experiencing, including, but not limited to, 

overfishing, climate change and habitat loss (FAO, 2014).  

 

1.5 Knowledge gaps and research objectives 

There is good evidence that jellyfish have paradoxical (i.e both negative and positive) 

effects on fish communities (Fig 1.4). However, the main challenge for researchers is 

to quantify the relative importance of these effects and to understand the 

consequences of these contrary interactions on fish communities when they co-occur. 

This is likely to be context dependent (i.e. it varies spatially, temporally and depending 

on community species composition). This work offers a major contribution to 

understand this balance in an Irish Sea context. 
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Figure 1.4. An overview of the contrary impacts fish-jellyfish interactions can have on fish, in 

what I have termed “The Jellyfish Paradox”  

1.5.1 Addressing positive impacts of fish-jellyfish interactions 

Within marine systems, phylogenetically-based comparative analysis has been used to 

address key questions including speciation rates and body size evolution in fishes and 

the evolutionary origins and ancestral state reconstruction of cephalopods (Lindgren 

et al., 2012; Rabosky et al., 2013). Fish-jellyfish interactions such as competition, 

predation and association are important factors contributing to fish stock success 

(Lynam & Brierley, 2006; Sassa et al., 2006). Jellyfish can compete with fish for food 

resources or feed on fish eggs and larvae, which works to reduce survivorship and 

recruitment of fish species (Shiganova, 1998; Lynam et al., 2006). Nevertheless, jellyfish 

also provide habitat and space for developing larval and juvenile fish which use their 

host as means of protection from predators and for feeding opportunities (Fig. 1.5), 

helping to reduce fish mortality and increase recruitment (Bonaldo et al., 2004; Lynam 

& Brierley, 2006). As pressure on fin-fish stocks continues to mount year on year, it is 

important to consider all potential positive and negative impacts jellyfish can have on 

fish communities. Relatively little is known about the evolutionary dynamics and 

drivers of such associations which would allow for their more effective consideration 

in ecosystem models. This thesis adopted a phylogenetically based comparative 

analysis approach to investigate the evolution of a long-standing paradox in jellyfish 
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ecology, namely, how gelatinous species that are routinely portrayed as solely negative 

stressors of fish communities can serve as habitat providers during their early life 

history. I explored the evolutionary history of fish-jellyfish associations and tested 

hypotheses on the potential selective forces that have promoted the evolution of such 

associations. Given the wide-spread occurrence and diversity of fish species involved 

in these associations, they provided a valuable model to explore the evolutionary 

origins of a fish-jellyfish interaction occurring on a global scale. 

1.5.3 Producing reliable trophic position estimates for jellyfish  

Reliable trophic discrimination factors (TDFs - the ratio at which a consumer is enriched 

in certain element isotopes compared to its food) are vital for trophic studies including 

determination of trophic position (Vander Zanden & Rasmussen, 2001; Post, 2002; 

Bastos et al., 2017). However, determining TDFs can be extremely challenging for 

marine taxa such as jellyfish that are difficult to culture due to a lack of knowledge of 

life cycle and diet, or where their morphology precludes maintenance in tank studies. 

Currently, there is no consensus as to whether standard TDF values are appropriate for 

jellyfish, which differ remarkably in morphology from other taxa for which the standard 

TDF values were generated via captive feeding studies with prey of known isotopic 

ratios (Fleming et al., 2011; D’Ambra et al., 2013),. This study aims to circumnavigate 

the need for tank-based feeding studies to establish TDFs for four different species of 

scyphozoan jellyfish and one hydrozoan using a combination of Bulk Stable Isotope 

Analysis (BSIA) and Compound Specific Isotope Analysis (CSIA). BSIA centres on the 

comparison of consumer and prey stable isotope ratios adjusted for the isotopic shifts 
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Figure 1. 5. Compass jellyfish (Chrysaora hysoscella) with associating juvenile fish. The ability 

of juvenile fish to hide in among the bell and oral arms of jellyfish is well demonstrated in (a) 

where it is difficult to locate the fish (see red arrows). Furthermore, (b) highlights the potential 

for single jellyfish to host large numbers of juvenile fish. 

 

associated with assimilation (TDFs) (Post, 2002; Fry, 2006; Middelburg, 2014). Whereas, 

CSIA is based on how heavily fractionating “trophic” amino acids (AAs) provide a robust 

indicator of trophic transfer between consumer and prey while minimally fractionating 

“source” AAs closely reflect the δ15N value at the base of the food web all from a single 
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sample of consumer tissue (e.g. Batista et al., 2014; Chikaraishi et al., 2014; Choy et al., 

2015). The premise of using these methods in tandem is that if there is a common TDF 

for jellyfish, acting like a sensitivity analysis, one trophic position estimated using a 

range of different TEF values on the BSIA data will converge on the results gathered 

using the CSIA method, providing an indirect means to estimate jellyfish TDFs. 

1.5.4  Trophic fish-jellyfish interactions in the Irish Sea 

The ecological relevance of jellyfish is often neglected beyond their role as stressors of 

the marine environment (Richardson et al., 2009). The result of this can be, at best, the 

inclusion of jellyfish in ecosystem and fisheries models in the literature as a single 

functional group, feeding at the same trophic level over time (Pauly et al., 2009). At its 

worst, jellyfish are not included in marine food webs, ecosystem or fisheries models at 

all (Pauly et al., 2009). However, it is well established now that as a diverse polyphyletic 

group in marine ecosystems, this is a gross over-simplification of the true role of 

jellyfish, yet the link between field biologists and modellers remains limited (Pauly et 

al., 2009; Doyle et al., 2014; Brodeur et al., 2016).  

Here we used BSIA with resolved jellyfish TDF factors to investigate trophic interactions 

occurring in the Irish Sea between jellyfish and commercial fish communities. The 

overarching aim of this study was to explore the importance of incorporating jellyfish 

into Irish Sea food web, ecosystem and fisheries-based models in the future.  
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2.1  Abstract 

Fish-jellyfish interactions are important factors contributing to fish stock success. 

Jellyfish can compete with fish for food resources, or feed on fish eggs and larvae, 

which works to reduce survivorship and recruitment of fish species. However, jellyfish 

also provide habitat and space for developing larval and juvenile fish which use their 

hosts as means of protection from predators and feeding opportunities, helping to 

reduce fish mortality and increase recruitment. Yet, relatively little is known about the 

evolutionary dynamics and drivers of such associations which would allow for their 

more effective incorporation into ecosystem models. Here, we found that jellyfish 

association is a probable adaptive anti-predator strategy for juvenile fish, more likely 

to evolve in benthic (fish living on the sea floor), benthopelagic (fish living just above 

the bottom of the seafloor) and reef-associating species than those adapted to other 

marine habitats. We also found that jellyfish association likely preceded the evolution 

of a benthic, benthopelagic and reef-associating lifestyle rather than its evolutionary 

consequence, as we originally hypothesised. Considering over two thirds of the 

associating fish identified here are of economic importance, and the wide-scale 

occurrence and diversity of species involved, it is clear the formation of fish-jellyfish 

associations is an important but complex process in relation to the success of fish stocks 

globally. 

Keywords: anti-predator strategies; demersal fishes; early life stages; evolution; 

fisheries 
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2.2  Introduction 

Over past decades, many studies have documented how jellyfish blooms (Phylum 

Cnidaria, Class Scyphozoa) have pronounced consequences for human endeavour 

(Purcell et al., 2007; Richardson et al., 2009). Be it impacts on coastal tourism, the 

clogging of fishing nets or the blocking of  power station cooling-water intakes (Purcell 

et al., 2007), the result has been an overall negative perception of gelatinous species 

(Doyle et al., 2014). While the scientific community has concentrated efforts on 

investigating the deleterious effects of large aggregations of jellyfish (Lynam et al., 

2005; Richardson et al., 2009), the counterbalancing positive roles of jellyfish have 

typically received less attention (Doyle et al., 2014; Hamilton, 2016). However, recent 

efforts to address this gap are gaining momentum and a more nuanced picture of 

jellyfish ecology is emerging (Hamilton, 2016).  

Broadly, jellyfish contribute to the four main categories of ecosystem services defined 

by the Millennium Ecosystem Assessment: regulating, provisioning, supporting and 

cultural services (Doyle et al., 2014). Furthermore, the traditional view of jellyfish as 

trophic dead ends, i.e. energy and nutrients directed towards jellyfish are lost to taxa 

higher up the food chain, is now overturned thanks to numerous studies demonstrating 

how jellyfish are key prey for apex marine predators and species of commercial value 

(Purcell & Arai, 2001). For example, predation on jellyfish by commercially important 

species in the Irish Sea is far from rare, with >20% of sampled Atlantic herring (Clupea 

harnegus) having jellyfish detected in their stomachs (Lamb et al., 2017). Opportunistic 

jellyfish predators also include species such as mallard ducks (Anas platyrhynchos) 

(Phillips et al., 2017), albatross (McInnes et al., 2017), Adélie penguins (Pygoscelis 

adeliae) (Thiebot et al., 2017) and deep sea octopods (Hoving & Haddock, 2017).  
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However, jellyfish also provide habitat for juvenile fishes in what is generally 

considered a facultative symbiotic relationship (Fig. 2.1), and greater food acquisition 

opportunities for the fish is often cited as an important causal factor in the formation 

of such interactions (Gooding & Magnuson, 1967; Castro et al., 2001). Juvenile fish can 

feed on the zooplankton entrained by jellyfish swimming pulses or captured on their 

tentacles, or even on crustacean parasites on their jellyfish host (Purcell & Arai, 2001; 

Riascos et al., 2012; Fleming et al., 2014). Moreover, stable isotope analysis has 

revealed that associating juvenile Atlantic bumper (Chloroscombrus chrysurus) feed 

directly on their jellyfish hosts (Aurelia sp. and Drymonema larsoni), constituting up to 

100% of their diet during this life stage (D’Ambra et al., 2014). This study does not stand 

alone but reinforces previous evidence of how juvenile fish often feed on their jellyfish 

hosts  (Lie, 1961; Mansueti, 1963; Janssen, 1981; Janssen et al., 1989). Beyond food 

acquisition, protection from predators is also believed to be a key driver behind fish-

jellyfish associations (Castro et al., 2001). For example, 0-group (<12 months old) 

gadoid fish avoid predation by retreating among jellyfish tentacles which may improve 

survival during this critical time in their development (Lynam & Brierley, 2006). 

Similarly, Sassa et al. (2006) reported correlational evidence that the abundance of jack 

mackerel (Trachurus japonicus) juveniles in the North Pacific was higher when 

increases in jellyfish Pelagia noctiluca were recorded. The ability of juvenile associative 

fishes to feed directly on the host under which they are sheltering, arguably sets fish-

jellyfish associations apart from the straightforward predator-prey relationship 

described previously, where marine predators consume the entire jellyfish. However, 

the benefits gained by associating with jellyfish may be broader and differ to some 

extent among fish species with diverse life histories, ecology and/or behaviour. 
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Mansueti (1963) proposed that fish-jellyfish associations persist when the host 

provides protection from predators on a sustaining basis. Larger juveniles or adults of 

benthic, benthopelagic and reef-associating fish can achieve protection from predators 

by living on or close to the seabed and structurally complex habitats such as coral reefs. 

However, these species often have an earlier pelagic developmental phase until they 

are of sufficient size to recruit into benthic or reef habitats (Kingsford & Choat, 1989). 

For fully pelagic species, schooling behaviour is a common anti-predator adaptation 

which typically begins after fin formation is complete early in their development (Leis, 

2010). There is currently little evidence that early life stages of demersal fish employ 

schooling behaviour in a similar way (Leis, 2010). Conversely, they are often found in 

association with jellyfish (Mansueti, 1963; Castro et al., 2001) or floating or static 

objects in the ocean. This tendency suggests that benthic and benthopelagic fish have 

evolved an alternative adaptive strategy against predation in the form of jellyfish 

association, where the jellyfish acts as a structured refuge in the pelagic habitat, before 

recruitment to other, e.g. benthic habitats. If anti-predator schooling behaviour in 

benthic, benthopelagic and reef associating fish is less common than in fully pelagic 

species, then the former species should gain a greater evolutionary advantage from 

displaying jellyfish association than pelagic species.   

Here, we tested the hypothesis that jellyfish association was more likely to evolve in 

benthic, benthopelagic and reef-associating species (broadly defined here as demersal 

type fishes), than in species adapted to other marine habitats. To do this we compiled 

a global scale dataset of jellyfish-fish associations to date and used phylogenetic 

comparative approaches, better suited to unravel generality of patterns and processes  



58 
 

 

Figure 2. 1. Examples of juvenile fish associating with jellyfish; (a) juvenile Atlantic horse 

mackerel (Trachurus trachurus) around the oral arms of a large Rhizostoma pulmo jellyfish off 

the coast of Southern England, (b) juvenile gadoids shelter among the oral arms and tentacles 

of a compass jellyfish (Chrysaora hysoscella) in Irish coastal waters, (c) a single juvenile gadoid 

swimming above the bell of a blue jellyfish (Cyanea lamarckii) off the Isle of Man and, (d) three 

juvenile gadoids camouflaged against the frilly oral arms of a compass jellyfish (Chrysaora 

hysoscella) off the northeast coast of Ireland (photos courtesy of (a) Steve Trewhalla, (b) Sarah 

Tallon, (c) Sarah Bowen, and (d) Karen Patterson). 
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than studies based on one or few species (Harvey & Pagel, 1991; Garland & Adolph, 

1994). The hypothesis predicted that association with jellyfish was more likely to 

involve demersal type fish than not (i.e. positively correlated). However, it was silent 

regarding how pelagic non-associating fish species have evolved into demersal type 

associating ones, and so whether they first evolved demersal type and next association 

with jellyfish, or the opposite. Our phylogenetic comparative approach specifically 

investigated which evolutionary pathway appeared more likely. 

 

2.3  Methods 

2.3.1  Data collection 

Following Castro et al. (Castro et al., 2001), we defined fish-jellyfish association as a 

close spatial relationship between a larval or juvenile fish with gelatinous zooplankton 

species (‘jellyfish’) that span the Phyla Cnidaria (Class Scyphozoa, Cubozoa and 

Hydrozoa), Chordata (Class Thaliacea), and Ctenophora. We conducted a literature 

search in Web of Science using English keywords such as ‘jellyfish fish association’ and 

‘gelatinous zooplankton AND juvenile fish’ to collate a list of fish species observed as 

associating with jellyfish during early developmental stages. Information on associating 

species was then extracted from peer-reviewed primary and review publications, and 

supplemented with data from unpublished datasets, personal observations and 

museum collections. To test whether fish that associate with jellyfish were more likely 

to be demersal type, we also needed to include species in the dataset that are not 

known to associate with jellyfish and for which information on lifestyle was available. 

To this end we collected data on lifestyle (see below) for a randomly selected sample 
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of fish species, which were not known to associate with jellyfish but that belong to the 

same families of those that do, leading to a total sample size of 145 fish species with 

and without associations with jellyfish. We extracted lifestyle data from online 

databases (Froese & Pauly, 2018) on whether each species in our dataset was benthic, 

benthopelagic or reef associating (‘demersal’) or fully pelagic (‘pelagic’).   

The absence of an observed association between a given fish species and jellyfish in 

the literature may reflect either the true absence of such an association in nature, or 

the fact that it has not been observed yet, leading to a misclassification of some fish 

species. To account for this issue, we employed the commonly used procedure of using 

number of citations in WoS for a given species as a measure of the research intensity 

on that species (Nunn et al., 2003; West & Capellini, 2016; Halliwell et al., 2017), under 

the expectation that highly studied species should be more likely to be correctly 

classified as not associating with jellyfish. From our full dataset (n=145 fish species) we 

then excluded ‘non-associating’ fish species with fewer than 10 citations (remaining 

species: n=130 fish species) or fewer than 25 citations (remaining species: n=119) as 

potentially misclassified. Results of all analyses were highly consistent between the two 

reduced data sets, suggesting that they were robust to sampling. Here we present 

results from the larger dataset of 130 taxa (jellyfish associating and demersal n=43, 

associating and pelagic n=18, non-associating and demersal n=51, non-associating and 

pelagic n=18). The dataset is available as Supplementary File 1.  Finally, we coded each 

fish species for two behavioural traits: association with jellyfish (Yes=1/No=0) and 

lifestyle (Pelagic=0/Demersal=1).  
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2.3.2  Evolutionary history of fish-jellyfish association 

We first investigated the evolutionary history of the association with jellyfish and 

lifestyle separately to assess how frequently each trait evolved and was lost over time 

across the phylogeny. We thus ran ancestral state reconstructions for discrete data in 

maximum likelihood, using the R package ‘ape’ (Paradis et al., 2004) and a 

comprehensive fish phylogeny (Rabosky et al., 2013) (see Supplementary File 2). This 

analysis estimates the likely character states of ancestors in the phylogeny and the 

rates of transitions between states across the whole tree (i.e. the rate of gains and 

losses) (Harvey & Pagel, 1991; Pagel, 1994). We fitted two alternative evolutionary 

models to the data; one in which the rate of gain and rate of loss were the same (Equal 

Rate model - ER), thus estimating one parameter (i.e. the rate of change), and the other 

in which the rates of gain and losses could differ, estimating two rate parameters (All 

Rates Different model - ARD). We then assessed the fit to the data of these two 

alternative models using a likelihood ratio test with degrees of freedom (DF) equalling 

the difference in the number of estimated parameters of the two competing models 

(here df = 1) (Pagel, 1994). 

2.3.3  Independent and dependent models of evolution  

We tested whether associating with jellyfish was evolutionarily correlated with lifestyle 

using  maximum likelihood estimation and the programme BayesTraits V.3 (Pagel et al., 

2004). Specifically, we compared the fit to the data of two alternative evolutionary 

models: the Independent Model of evolution where jellyfish association and lifestyle 

evolve independently of each other, and the Dependent Model of evolution in which 

they evolve in a correlated fashion (Pagel, 1994). The independent model estimates 

four parameters (the rates of gain and losses for each of the two traits independently), 
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while the dependent model estimates eight parameters which are the transition rates 

among the four combination of character states that the two traits can jointly take (i.e. 

non-associating pelagic 0,0, non-associating demersal 0,1, associating pelagic 1,0, and 

demersal associating 1,1; see Figure 2.4). We used a likelihood ratio test with four 

degrees of freedom to assess which model fitted the data significantly better. If the LR 

test is significant, this indicates that the dependent model had a significantly better fit 

to the data, and so the two traits are evolutionarily correlated. The dependent model 

of evolution can also reveal the evolutionary pathway through which two traits have 

evolved together, and so whether the evolution of one trait precedes and facilitates 

the evolution of the other (Pagel, 1994). Specifically, should the dependent model 

provide a better fit to the data, the examination and comparison of the magnitudes of 

the transition rates between the four combinations of character states of the two traits 

can reveal whether associating with jellyfish in demersal fish species (condition 1,1, see 

Figure 2.4) evolved from non-associating pelagic fish (condition 0,0) by gaining first a 

demersal lifestyle (transition rates q12 to condition 0,1, see Figure 2.4) and 

subsequently the association with jellyfish (transition rates q24), or the other way round 

(transition rates q13 to condition 1,0, see Figure 2.4). Thus, if one evolutionary pathway 

is more likely, this indicates that the trait evolving first is more likely to promote the 

evolution of the other, which is evidence consistent with causation (Pagel, 1994). 

Conversely, if the dependent model provides a better fit than the independent model 

but both evolutionary pathways exhibit transition rates of equal magnitude, we can 

infer that the two traits are evolutionary correlated but there is no specific 

evolutionarily (causal) pathway.  
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The analysis with dependent and independent models was run in triplicate, with all 

runs producing identical results to the third decimal place for the model fit and all 

parameter estimates, suggesting that the analysis consistently converged on the same 

maximum likelihood estimates and are robust. 

 

2.4  Results 

2.4.1  Fish-jellyfish associations in the literature 

In the literature we found 173 instances of specific fish-jellyfish associations from 

across the globe, involving 86 species of fish spanning 24 families and 84 jellyfish taxa 

(Fig 2.2b). Fish species from the Carangidae family were the most numerous (n=28) 

followed by the Centrolophidae, Nomeidae and Monacanthidae families (n=11, n=8 

and n=7 respectively) (Fig. 2.2a).  

Of all the jellyfish-fish associations, the Atlantic bumper (Chloroscrombrus chrysurus) 

and shrimp scad (Alepes djedaba), both from the family Carangidae, associated with 

the most diverse range of jellyfish species (both n=9), while Cyanea capillata and 

Aurelia aurita were the most common jellyfish species for which fish-jellyfish 

associations were recorded (Fig. 2.2b). Indeed, fish associating with Cyanea sp. 

accounted for 12.5% of the total associations documented. Demersal type fish species 

were recorded in 57% (n=49) of associations, with the remainder classified as fully 

pelagic (43%, n=37). While Cyanea capillata, Aurelia aurita, Stomolophus meleagris and 

Nemopilema nomurai are the most widely reported species involved in these 

associations around the world, together accounting for 33.1% of the individual 

instances of fish-jellyfish associations in the literature, most associations are from 

single observations of specific interactions. 
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Figure 2. 2. Bargraphs of (a) the carangids, a family of fish which includes the jacks, pompanos, 

jack mackerels, runners and scads, were the most reported in the literature as displaying 

associative behaviour with jellyfish, (b) a broad range of jellyfish, including medusa and non-

true jellyfishes such as ctenophores and salps, are involved in fish-jellyfish associations (n=64).  
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2.4.2  Evolutionary history of fish-jellyfish association and lifestyle 

An ARD model for the association with jellyfish did not improve the fit to the data 

relative to an ER model (LR=2.12, df = 1, p=0.15), thus gains and losses of the 

association with jellyfish occurred at equal rates (0.034±0.001) across the fish 

phylogeny. The ER model estimated at least two gains and seven losses of associations 

with jellyfish throughout the tree (Fig. 2.3a). Conversely, the ARD model for lifestyle 

better fitted the data relative to the ER model (LR=7.34, df = 1, p=0.007), and indicated 

that the transition rate from demersal to pelagic was significantly lower than the 

reverse (demersal to pelagic: 0.004±0.001; pelagic to demersal: 0.013±0.004). This 

model identified at least five evolutionary origins and nine losses of the demersal 

lifestyle among the recent ancestors of extant fish species (Fig. 2.3b).  

2.4.3  Correlated evolution between fish-jellyfish association and lifestyle 

The analysis of correlated evolution between lifestyle and association with jellyfish 

revealed that these two traits evolved in a correlated fashion for the sample of fish 

species of our dataset, as the dependent model of evolution fitted the data better than 

the independent model (LR = 9.72, df = 4, p=0.045). The dependent model also  
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Figure 2. 3. Evolutionary history of fish-jellyfish association (a) and demersal type versus pelagic 

lifestyle (b) in a sample of 130 fish species as estimated using Maximum Likelihood. In (a) the 

ancestral state reconstruction of fish associative behaviour based on the Equal Rate model 
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identifies at least 7 evolutionary losses and 2 evolutionary gains of association with jellyfish 

(associative behaviour with jellyfish is coded as black, non-associative as grey). In (b) the 

ancestral state reconstruction of lifestyle based on the All Rates Different model identifies at 

least 9 evolutionary events whereby the demersal lifestyle is likely lost and 5 gains (demersal 

is coded in black, pelagic in grey). In both (a) and (b) the area of the pie for the internal nodes 

is in proportion of the probability that a node takes either of the two alternative states for the 

tested trait. 

 

estimated that from a condition of no association and pelagic lifestyle (0,0), the 

association with jellyfish was gained first while the gain of a demersal type lifestyle in  

the absence of association with jellyfish was estimated to be 0 (association first: 

q13=4.52; demersal first: q12=0; Figure 4). Once pelagic fish evolved an association with 

jellyfish (1,0), a demersal lifestyle was gained quickly (q34 = 8.13; Figure 2.4). This 

finding suggests that associating with jellyfish may be an important driver that 

facilitated the evolution of a demersal lifestyle for some fishes. Finally, the dependent 

model showed that a demersal lifestyle without association with jellyfish (0,1) was 

likely to evolve from associating demersal fish (1,1) by losing the association with jellies 

while retaining a demersal lifestyle (q42=9.78); however, this condition was highly likely 

to be reverted by regaining the association with jellyfish (q24=5.15) (Fig. 2.4). Thus, the 

combined ‘associating’ and ‘demersal’ character state (1,1) was relatively 

evolutionarily stable.  
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Figure 2. 4. Dependent model of correlated evolution for the combined traits of association with jellyfish lifestyle. The arrows indicate the direction of change 

between the 4-possible combination of character states, with the arrow thickness proportional to the magnitude of transition rates estimated by the model 

(also reported as number). Transition rates estimated to be equal to 0 are indicated with dotted lines. Sample size of species by combination of character states 

as used in the analysis (jellyfish association and demersal type or pelagic): (0,0) n=18, (0,1) n=51, (1,0) n=18 and (1,1) n=43. Sample size of species by 

combination of character states based on lifestyle; associating and pelagic n=18, non-associating and pelagic n=18, associating and benthic n=8, non-associating 

and benthic n=26, associating and reef associating n=21, non-associating and reef associating n=16, associating and benthopelagic n=14, non-associating and 

benthopelagic n=9. 



69 
 

2.5  Discussion 

We tested the hypothesis that jellyfish association was more likely to evolve in benthic, 

benthopelagic and reef-associating species than species adapted to other marine 

habitats. We find support for this idea and show that both demersal type lifestyle and 

association with jellyfish traits have been gained and lost multiple times across the fish 

phylogeny. However, our analysis revealed that associating with jellyfish is more likely 

to be one evolutionary driver of adapting to a demersal lifestyle, rather than its 

evolutionary consequence as we found that fish-jellyfish association is very likely to 

precede, not follow, the evolution of a demersal lifestyle. This pattern is perhaps not 

surprising given that predation pressure is extremely high when larvae and juveniles 

are in the water column (Cowan et al., 1996; Le Pape & Bonhommeau, 2015).  If the 

demersal fish lifestyle trait evolved first, but without the predatory defence 

mechanisms of jellyfish association or others such as schooling for example, they would 

presumably face a very high risk of mortality. Larval mortality in fish is strongly size-

related: modelling studies suggest that a significant proportion (56%-99%) of total 

larval mortality occurs before a critical size is achieved (fish total length), after which 

mortality due to predation decreases sharply (Cowan et al., 1996). Thus, pre-

settlement benthic or reef fish that lack schooling behaviour as anti-predator strategy 

(Leis, 2010) should be under intense selection to evolve or retain alternative 

adaptations that allow them to survive the high predation levels in the upper water 

column. Our analysis showed that associating with jellyfish might play an important 

evolutionary role in this context. Jellyfish offer a complex three-dimensional structure 

that provides juvenile fish with a refuge in an environment that is otherwise remarkably 

devoid of physical habitat (Breitburg et al., 2010). The presence of such physical 
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structure has been linked strongly to increased larval recruitment in fishes (Tupper & 

Boutilier, 1995a). Our findings suggest that it is more likely that the association with 

jellyfish evolves in pelagic species prior to the evolution of a demersal lifestyle. 

Therefore, other evolutionary drivers, rather than antipredator strategies in non-

schooling juvenile fish, have promoted the evolutionary origin of jellyfish association 

in pelagic fishes. To investigate jellyfish association evolutionary drivers further, future 

studies should explore how fully benthic, reef-associating and benthopelagic fish as 

individual groups evolved with regard to the association with jellyfish given the 

potential for different evolutionary pathways leading to jellyfish association, once 

more data become available for a larger number of species. 

While Mansueti (1963) noted how only a very small proportion of pelagic fish globally 

are reported as displaying associative behaviour, the implication of dismissing the 

potential impact of such behaviours for the fishing industry may be great, considering 

over 70% of the jellyfish associating fish species in this study are of commercial value. 

Unlike benthic fishes, pelagic fish can rely on schooling to reduce predation risk when 

they are juveniles. We suggest that one potential driver of jellyfish associations is the 

enormous potential as a food source that jellyfish represent for juvenile fish, especially 

considering that jellyfish can often form large aggregations (Condon et al., 2013). 

Although jellyfish have a low calorific value compared to other prey items, their gonads 

can be very large, representing over 20% of their total body in some species and have 

higher energetic content than bell or oral arm tissues (Doyle et al., 2007). Indeed, a 

recent study has revealed that jellyfish represent a highly rewarding food source to 

commercial fish (Boops boops) (Milisenda et al., 2014). In our dataset, many jellyfish 

associating species are carangids, a large and diverse family considered among the 
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most economically important fishes in the world (Mukherjee et al., 2018). The ability 

to exploit jellyfish as trophic resource may therefore offer a huge advantage to the 

growth and survival of both demersal type and pelagic juvenile fishes.  

Our ancestral state reconstruction showed that associating with jellyfish in extant 

fishes is likely to have independently evolved multiple times across the fish phylogeny. 

We propose that the evolutionary cost of evolving the suite of adaptations required to 

associate with jellyfish is small (i.e. ability to locate and move close to jellyfish host for 

protection and realising opportunistic food acquisition opportunities). The immediate 

costs of associating with jellyfish (e.g. risk of injury/death from jellyfish nematocyst 

stings) are likely less than the consequences of not doing so; namely an increased 

predation risk and decreased food opportunities. Furthermore, possible mechanisms 

for juvenile fish to evade the potential negative effects of jellyfish stinging cells include 

avoiding contact, resistance to nematocyst toxin and reduced nematocyst discharge 

due to mucus on the fish skin (Arai, 1988). Whereas, even momentary disturbances in 

fish-jellyfish associations that caused juvenile scads (Trachurus lathami) to desert their 

jellyfish hosts, resulted in immediate predation by grouper (Mycteroperca acutirostris)  

(Bonaldo et al., 2004).  

Our study highlights how large-scale comparative approaches can be used to answer 

important questions on the evolutionary ecology of fish-jellyfish associations, at least 

from the perspective of the fish. To fully understand the evolution of these associations 

however, we need to also study how such associations evolved from the perspective 

of the jellyfish and their characteristics. Our study has revealed that some jellyfish taxa 

are in fact far more frequently involved in fish-jellyfish associations than others. Thus, 

future studies could investigate whether the frequency of associations of juvenile fish 
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with different jellyfish species reflects the relative abundance of different jellyfish 

species and distribution worldwide, or are determined by the jellyfish morphological 

characteristics, such as size, volume, tissue complexity or strength of nematocyst sting, 

that make it more likely for fish to associate with them. Jellyfish morphology varies 

hugely, from micro through to macro-zooplankton species weighing >200kg (e.g. 

Nemopilmea nomurai), so their potential for providing shelter against predators and 

food resources should be very different (Rountree, 1989). Furthermore, jellyfish also 

differ in swimming mode, foraging and feeding strategies; traits that could elucidate 

the role and importance of food acquisition in fish-jellyfish associations. Specifically the 

two main foraging modes that jellyfish exhibit, ambush or cruise predators, result in 

interspecific dietary differences (Costello et al., 2008) and may influence the success of 

associating juvenile fish that take advantage of prey entrained in the pulse of the 

jellyfish or prey captured in the tentacles. To address these questions over large 

comparative scale and exploit powerful phylogenetic comparative methods to reveal 

generality of principles, we urgently need to build comprehensive jellyfish phylogenies 

and collect data on a variety of jellyfish characteristics, including whether juvenile 

associating fish also associate with non-gelatinous Floating Aggregating Devices (FADs) 

or floating objects. A number of jellyfish associating fish species identified by Castro et 

al. (2001) were also documented as associating with FADs or drift objects and it is 

possible that they may gain similar benefits from these types of association to some 

degree such as the redistribution of food and a change in the behaviour of predators 

(Kingsford, 1993). However, jellyfish precede human flotsam and FADs by millions of 

years and could provide better or additional  protection from predators by way of 

deterrence, as predators seek to avoid their nematocyst stinging cells (Mansueti, 1963). 
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Furthermore, jellyfish may provide a greater range of indirect feeding opportunities by 

actively hunting for food which is subsequently stolen by associating fish before 

ingestion as well as direct feeding opportunities via their energy rich gonads (Doyle et 

al., 2007).  Thus, when appropriate data for a large number of fish species become 

available, we can explore intricate ecological and evolutionary questions such as 

whether jellyfish are a uniquely important habitat for juvenile fish, or whether they are 

just one of the many floating structures in the sea which act as potential shelter and 

source of food for juvenile fishes, using phylogenetic comparative approaches as 

shown in this study.  

Together with recent studies (Dawson & Hamner, 2009; Pauly et al., 2009; Brodeur et 

al., 2016), our findings suggest  that jellyfish have important evolutionary and 

ecological roles such as providing shelter from predators and trophic resources to 

juvenile fish, an ecological service with huge implications for the population dynamics 

and long term persistence of marine fish biodiversity. Here, we propose the 

‘gingerbread house hypothesis’ from classic folklore (i.e. a house you can eat) to 

describe the specific coaction whereby juvenile fish gain both shelter and food shelter 

from jellyfish. Considering that pressure on fin-fish stocks is increasing globally, and 

that 72% of the associating fish species in our study are economically important, we 

advocate further research to quantify the overall benefit of jellyfish to fish recruitment 

over a range of scales. 
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3.1  Abstract 

The known diversity of jellyfish predators is increasing owing to advances in various 

technologies, not least, stable isotope analysis. Such species serve as prey for obligate 

and opportunistic predators, from deep sea scavengers through to migratory seabirds, 

but the way jellyfish are ingested is not uniform and selective feeding on different 

bodyparts has been observed. Thus, if jellyfish tissue is not biochemically consistent 

then a single integrated estimate of their tissue composition may mask important 

selective foraging patterns by predators. From this vantage point we sampled three 

species of scyphozoan jellyfish (Aurelia aurita n=43, Cyanea lamarckii n=37, and 

Cyanea capillata n=50) from a North East Atlantic sea lough and explored whether 

isotopic inter-tissue variation is a factor worth considering when interpreting jellyfish 

isotopic nitrogen data. More broadly, we investigated whether tissue specific δ15N 

could provide a useful parameter or functional group by which to order jellyfish trophic 

information in large-scale ecosystem-based studies. Using Friedman’s and Nemenyi 

post hoc pairwise comparison tests, we found evidence for inter-tissue δ15N variation 

within and across scyphozoan jellyfish species. Furthermore, we showed how δ15N is 

influenced by jellyfish size, whereby larger jellyfish have higher δ15N values, which, in 

certain instances, may be useful in accounting for the nuances of jellyfish trophic 

ecology. While further research is needed, appropriately assigned jellyfish functional 

groups are required for effective inclusion into ecosystem and fishery models in the 

future.  

Keywords: jellyfish, stable isotope analysis, tissue variation, trophic ecology 
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3.2  Introduction 

Pauly et al. (2009)  highlighted the lack of consideration jellyfish taxa receive in online 

databases and ecosystem models, often reflecting the scarcity (or adequate 

consolidation) of available dietary information. Faced with such data gaps, modellers 

are often left to integrate gelatinous zooplankton at a single trophic level which fails to 

encompass their true trophic complexity, either as predators or prey. Such an approach 

for any vertebrate group encompassing >1400 species with body mass scaling by 

several orders of magnitude would be inconceivable and considered not fit for purpose. 

So, the challenge falls to empirical biologists to gather and pass adequate information 

up the ‘analytical food chain’ to move understanding forward. 

Stable isotope analysis (SIA) is increasingly used to characterise consumer diet and food 

web structure (Fry, 2006; Al-Habsi et al., 2008; Kürten et al., 2013; Nagata et al., 2015). 

Trophic structure estimates founded on stable isotope analysis (SIA) underpin 

understanding of many food webs today, surpassing (but not substituting) alternative 

approaches such as traditional gut content analysis (Ben-David et al., 2001; Middelburg, 

2014; Sweetman et al., 2016). The common use of SIA by ecologists, facilitated by 

decreases in cost and increase in accessibility (Vinson & Budy, 2011), is revealing 

previously unknown transfer processes within ecological systems (Post, 2002; Fry, 

2006; Middelburg, 2014). Stable isotope analysis has become a common approach in 

understanding the trophic ecology of gelatinous zooplankton, a polyphyletic 

assemblage that inhabits a wide range of marine systems from coastal areas to the 

deep-ocean and employs a wide variety of foraging strategies (Costello et al., 2008). 

Indeed, because such species are difficult to detect visually in gut contents (Symondson, 

2002), SIA-based studies have helped markedly in detecting cryptic or 
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underappreciated aspects of jellyfish ecology. For example, Fleming et al. (2015) 

presented isotopic evidence for inter- and intraspecific variation in jellyfish trophic 

structure whereby differences in δ15N (trophic position) were evident between all 

three species, with size-based and temporal shifts in δ15N apparent in A. aurita and C. 

capillata. Furthermore, the isotopic niche width for all species combined, increased 

throughout the season, reflecting temporal shifts in trophic position. Similarly, Graham 

& Kroutil (2001) found both quantitative and qualitative changes in diet as a function 

of medusa size concluding that growth to a large size by scyphomedusae can provide a 

means to enhance diet which in turn, may positively influence growth and reproduction. 

While further research is needed, taken together, these finding helps facilitate their 

inclusion in trophic size-based analyses first outlined by Jennings et al. (2002).  

Size-spectral information coupled with δ15N estimates of trophic level can be used to 

estimate a range of ecologically important parameters such as trophic transfer 

efficiency, mean predator-prey body-mass ratios and the mean predators-to-prey 

species ratio (Jennings  et al., 2002). Furthermore, SIA suggests that jellyfish most likely 

can form an important nutritional component of the diet for a range of fish species 

including Atlantic bumper (Chloroscombrus chrysurus), bluefin tuna (Thunnus thynnus), 

little tunny (Euthynnus alletteratus), spearfish (Tetrapturus belone), and swordfish 

(Xiphias gladius) (Luis Cardona et al., 2012). Others have used SIA to show the 

importance of jellyfish for green sea turtles (Chelonia mydas) in some regions, a species 

traditionally thought to be mainly herbivorous when living in coastal environments 

(González Carman et al., 2014). However, thanks to a range of new technologies and 

advancement of methods, not only in SIA but also in animal borne cameras and use of 

gut DNA, the perception that jellyfish are trophic dead ends is now thoroughly rejected. 
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Jellyfish are an integral component of marine food webs (Hamilton, 2016; Lamb et al., 

2017, 2019; Hays et al., 2018). 

At present, many jellyfish SIA studies sub-sample jellyfish (Phylum Cnidaria, Class 

Scyphozoa) using bell tissue as a proxy whole organism (D’Ambra et al., 2014; Fleming 

et al., 2015; Nagata et al., 2015; Javidpour et al., 2016). However, it is not clear whether 

bell isotopic values are the same as other tissues such as gonads and oral arms. 

Conversely, other studies sub-sample jellyfish incorporating tissue from all tissue parts 

of the jellyfish (e.g. Fleming et al., 2014). In this instance, important inter-tissue isotopic 

variation could be masked by a sub-sampling method which, while strategically and 

financially necessary, leads to a reduction in resolution of results concerning jellyfish 

SIA and subsequent trophic position (TP) calculation. In contrast, sub-sampling the bell 

only may be misrepresenting important tissue specific predator-prey interactions 

occurring on potentially large scales all around the world. For example, there is growing 

evidence that some predators, including many fish species, feed selectively on specific 

jellyfish tissues (e.g. Mansueti, 1963; Milisenda et al., 2014; Nakamura et al., 2015). In 

the Strait of Messina (NE Italy), Boops boops selectively fed according to jellyfish 

(Pelagia noctiluca) gender and body part (Milisenda et al., 2014).  Furthermore, by 

employing SIA on bell tissue only, D’Ambra et al. (2014) revealed scyphozoan jellyfish 

contributed up to 90% of the diet of associating juvenile (Chloroscombrus chrysurus) in 

the Mediterranean and suggested further inter-tissue analyses could help to resolve 

whether the juvenile fish analysed in their study also showed selective predation, as 

highlighted by Milisenda et al. (2014).  Similarly, Nakamura et al. (2015) presented 

video evidence of ocean sunfishes (Mola mola) feeding on jellyfish gonads and oral 
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arms, leaving the intact bell behind and suggested these fish may only feed on energy-

rich parts of jellyfish. 

In the current study, we build on the research carried out by D’Ambra et al. (2013) 

which showed δ15N values did not differ among tissue types of wild caught Aurelia sp., 

yet in laboratory reared specimens inter-tissue δ15N variation was observed. To explore 

further, we investigated the inter-tissue isotopic variation of three of the most 

commonly found scyphozoan jellyfish found in the NE Atlantic to answer three specific 

questions: (i) Is there a difference in isotopic δ15N values between body parts within 

individual jellyfish species and if so does the same pattern of variation exist for all 

species considered here? (ii)  Is there a uniform pattern of inter-tissue δ15N isotopic 

variation when body parts from different species are combined? (iii) Is δ15N isotopic 

tissue variation influenced by jellyfish size? Following the work of Fleming et al. (2015) 

on size structured shifts of δ15N within species, we discuss whether jellyfish tissue 

and/or size based isotopic grouping are suitable parameters for inclusion in 

ecosystem/fisheries models and food webs in the future. 

 

3.3  Methods 

3.3.1  Sampling and SIA preparation 

Three species of jellyfish (Phylum Cnidaria, Class Scyphozoa) (Fig. 3.1) were sampled 

from Strangford Lough in Northern Ireland (54° 28' 20.98"N 5° 35' 10.60"W) during the 

summer of 2012 (Fig. 3.2). Aurelia aurita, Cyanea lamarckii and Cyanea capillata 

medusae were collected opportunistically in the top metre of the water column from 

a small boat using dip nets (mesh size 1 mm) and transported back to the laboratory  
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Figure 3. 1.  Jellyfish in the Irish Sea. (a) A bloom of mostly moon jellyfish (Aurelia aurita) in the 

Irish Sea; (b) lion’s mane jellyfish (Cyanea capillata) which has ensnared moon jellyfish in its 

tentacles and (c) a stranded blue jellyfish (Cyanea lamarckii) on a beach.  
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in 5L buckets. Jellyfish were weighed and measured (wet mass: ± 1g; bell diameter: ± 

1cm) as whole individuals then dissected into their main components (bell, gonad and 

oral arms).  All body components were dried to a constant mass at 60°C as per Fleming 

et al. (2011), desiccated for 48 hours then ground to a fine powder using an agate 

pestle and mortar in preparation for SIA. 

 

 

Figure 3. 2.  Three species of scyphozoan jellyfish (A. aurita, C. lamarckii and C. capillata) with 

a typical complex lifecycle involving a pelagic (swimming) medusa stage and a bottom-living 

polyp stage, were collected from semi-enclosed Strangford Lough (a) which opens out into the 

Irish Sea (b). 

 

Samples were weighed into tin cups prior to stable isotope analysis; preliminary 

analyses to check isotopic peaks were large enough to register sufficient δ15N and δ13C 

readings were then performed. Optimal sample mass for mass spectrometry varied 
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between taxa i.e. Aurelia aurita ≈ 12 mg; Cyanea lamarckii ≈ 2.4 mg, Cyanea capillata 

≈ 5.1 mg. Samples were analysed for δ15N at the East Kilbride Node of the Natural 

Environment Research Council Life Sciences, Mass Spectrometry Facility via continuous 

flow isotope ratio mass spectrometry using an ECS 4010 elemental analyser (Costech, 

Milan, Italy) interfaced with a Delta XP mass spectrometer (Thermo Electron, Bremen, 

Germany). Drift correction using a 3-point normalization was performed using three in-

house standards (GEL, ALAGEL and GLYGEL) encompassing a range of isotope 

compositions, run every ten samples, and a suite of GELs of different sizes were used 

to correct samples for linearity (Werner & Brand, 2001). GEL is dried from a solution of 

gelatin, ALAGEL from an alanine-gelatine solution, and GLYGEL from a glycine-gelatine 

solution. Four differently sized USGS 40 glutamic acid standards (Qi et al., 2003; Coplen 

et al., 2006) were used as independent checks of accuracy and to acquire the 

calibration for N and C content. All data are reported with respect to the international 

standard of AIR for δ15N and V-PDB for δ13C. Results are reported in δ notation 

(McKinney et al., 1950). Experimental precision was 0.07‰ for carbon and 0.09‰ for 

nitrogen (standard deviation of laboratory standard replicates of GEL). 

3.3.2  Statistical analyses 

After checking for data normality, I employed non-parametric Friedman tests to 

examine the isotopic intra and inter-specific differences between jellyfish body parts. 

To investigate individual comparisons, I then conducted pairwise Nemenyi with Chi-

Squared distribution post-hoc tests. To investigate the effect of size on isotopic 

variation of jellyfish body parts I ran a generalised linear model (GLM) for continuous 

data and included body part and species as factors and δ15N and jellyfish size (bell 
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diameter) as dependent variables. All statistical analyses were done in the statistical 

software R version 1.1.414 (R Core Development Team, 2018). 

 

3.4  Results 

Separate Friedman tests were carried out to compare the δ15N values for different body 

parts of Aurelia aurita, Cyanea lamarckii and Cyanea capillata.  There was no significant 

difference among body part δ15N values in Aurelia aurita samples (Friedman’s Chi-

Squared = 2.28, df=2, p=0.32), nor was there a significant difference among the tissues 

of Cyanea lamarckii despite a marginal probability value (Friedman’s Chi-Squared = 

6.24, df=2, p=0.05)  (Fig. 3.3). Further Nemenyi post hoc tests indicated that while bell 

and gonad C. lamarckii tissue δ15N values were not significantly different (p=0.34), bell 

tissues were δ15N depleted relative to oral arms (p<0.001) and furthermore, oral arm 

tissues were N enriched relative to gonads (p<0.005). Similarly, a Friedman test found 

there was a significant difference among the bodyparts in δ15N values of Cyanea 

capillata (Friedman’s Chi-Squared = 16.84, df=2, p <0.001). While Nemenyi post hoc 

tests indicated there was no significant difference between bell and gonad tissues 

(p=0.64), inter-tissue variation was driven by N enriched oral arm tissues compared to 

both bell (p<0.001) and gonad tissues (p=0.019). 
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Table 3.2. Mean bell diameter, wet mass, and δ15N of different body parts for different 

scyphozoan jellyfish sampled from Strangford Lough, Northern Ireland.  

Species N 
Mean bell 
diameter  

(± SD) (cm) 

Mean wet 
mass (± SD) 

(g) 

Mean 
bell δ15N 

(± SD) 

Mean 
gonad δ15N 

(± SD) 

Mean oral 
arms δ15N 

(± SD) 

Aurelia 
aurita 

43 18.94  

(7.62) 

381.47 

(424.54) 

9.86 

(1.78) 

10.21 

(2.52) 

9.91 

(1.94) 

Cyanea 
lamarckii 

37 10.66  

(4.29) 

114.02 

(114.23) 

11.14 

(1.91) 

11.68 

(1.62) 

12.53 

(3.00) 

Cyanea 
capillata 

50 27.13 

(14.18) 

2328.94 

(3911.35) 

13.46 

(3.19) 

13.12 

(2.87) 

14.52 

(3.06) 

 

When bell, gonads and oral arm isotopic values were combined for the three species 

sampled in this study, we found significant δ15N inter-tissue variation (Friedman’s Chi-

Squared = 14.59, df=2, p=<0.001). Consistent with the results when looking at 

individual species, when combined, Nemenyi post hoc tests revealed that there was no 

significant difference in δ15N values between bell and gonad. Rather, this difference 

was driven by oral arms having higher δ15N values than with bell (p<0.0001) and gonad 

tissue (p=0.0045).  
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Figure 3. 3. Box plots showing mean and ± SD δ15N isotopic variation in bell, gonad and oral 

arms tissue for (a) Aurelia aurita, (b) Cyanea lamarckii and (c) Cyanea capillata. Box plot (d) 

illustrates inter-tissue δ15N isotopic variation when all jellyfish are combined. 

 

The GLM output suggested that δ15N values among jellyfish bodyparts differ when 

species data are combined, mimicking the results from when we foucsed on individual 

species only. However, it also tentatively suggested that size may have an  effect on 

δ15N of jellyfish but was not dependent on body part, rather species has a greater and 

significant influence, although with a marginal significance value  (df = 2, deviance = 

34.35, p<0.044). 
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Figure 3. 4. Bell, gonad and oral arm tissue δ15N versus jellyfish bell diameter linear regressions (coloured lines) and with low associated R2 valuesfor (a) Aurelia 

aurita, (b) Cyanea lamarckii and (c) Cyanea capillata and (d) all jellyfish combined.
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3.5  Discussion 

Jellyfish gonad and bell tissue had consistently similar δ15N values when considered as 

individual species or collectively. This finding suggests that the turnover and 

fractionation rates amongst these tissues are similar. From a pragmatic perspective, 

sub-sampling the gonads or the bell in particular for SIA is often the easiest and 

quickest method and together represent the majority of the jellyfish in terms of their 

wet and dry mass (Doyle et al., 2007; D’Ambra et al., 2013). Our results indicate that 

using homogenised whole jellyfish samples for SIA for eventual inclusion into food 

webs and ecosystem modelling may be appropriate for some species (e.g. Aurelia 

aurita and Cyanea lamarckii), given that there was no evidence of inter-tissue isotopic 

variation for these species. D’Ambra et al. (2013) found a similar pattern whereby δ15N 

values did not differ among tissue types for wild caught Aurelia sp. and concluded that, 

in jellyfish which reached a steady-state in their diet, the bell is the most suitable body 

part to accurately determine stable isotope composition in Aurelia sp.. In contrast, 

D’Ambra et al. (2013) also found that laboratory-fed, rather than wild caught Aurelia 

sp. displayed inter-tissue δ15N variation whereby oral arms had significantly higher δ15N 

when compared to either bell or gonads. We also detected this pattern of δ15N inter-

tissue variation between tissues for Cyanea capillata and when all species were 

combined. These results demonstrate how it is possible to mask important jellyfish 

trophic information due to species specific differences in inter-tissue isotopic variation. 

Ultimately this could lower the resolution of subsequent SIA interpretation, mixing 

models and TP calculation for these taxa.  Although further investigation is needed, our 

results reflect and build on those of D’Ambra et al. (2013) adding weight and 

confidence to our findings. While beyond the scope of the present study, our findings 
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also raise interesting questions about the mechanisms which cause jellyfish tissue to 

assimilate differently and whether inter-tissue isotopic variation is related to readily 

identifiable morphological features, such as the structure or size of the tissue driving 

the inter-tissue variation. 

The importance of these isotopic subtleties for trophic ecology and specifically jellyfish 

research, is not insignificant considering the continued reporting of tissue specific 

predation on jellyfish from across the globe. For example, Arai (2005) collated 

literature reports of marine animals feeding on jellyfish, of which amphipods (Hyperia 

spp.) (Dittrich, 1988, 1992; Buecher et al., 2001), goose barnacles (Alepas pacifica) 

(Tabachnik, 1986; Pagès, 2000) and seabirds (Ates, 1991) were all observed feeding 

selectively on the gonads of jellyfish. Furthermore,  D’Ambra et al. (2014) also showed 

how juvenile fish (Chloroscombrus chrysurus) associated with jellyfish fed specifically 

on their host’s gonads. Incorporating δ15N isotopic inter-tissue variation may be 

warranted, if not essential, in some instances considering the specific nature of some 

of these trophic interactions, or at the very least a broader understanding of how these 

differences could influence results. In instances outlined by Nakamura et al. (2015) 

where ocean sunfish (Mola mola) fed preferentially on the gonads and the oral arms 

of jellyfish, accounting for inter-tissue isotopic variation is key for fully interpreting and 

assigning predator prey relationships within food webs. The usefulness of exploring 

such inter-tissue variation within jellyfish is not without precedent. For example, Doyle 

et al. (2007) investigated the inter-tissue calorific content variation of scyphozoan 

jellyfish and found that oral arms and gonads were much more energy rich than the 

bell, findings which have since been supported by subsequent work on different 

scyphozoan jellyfish (Milisenda et al., 2014). 
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For all jellyfish combined, the resultant patterns of δ15N inter-tissue variation was the 

same as that for the two Cyanea sp. whereby gonad and bell were not significantly 

different and oral arms were slightly, but significantly, higher in δ15N. While currently 

restricted to these three N.E. Atlantic scyphozoans, these methods could help form a 

pragmatic rule of thumb for scyphozoan jellyfish in regard of inter-tissue variation and 

provide the means for researchers to account for these differences once validated 

more broadly. However, as well as tissue, I exploredthe importance of addressing size 

based δ15N isotopic variation. Broadly, I found a weak signal that larger jellyfish have a 

higher δ15N which can reflect their higher trophic position in food webs. Considering 

the diversity of gelatinous zooplankton as a whole, the range of different feeding 

strategies they exhibit (Costello & Colin, 1994) and the range of individual growth 

throughout their lifespan (Fleming et al., 2015), it is unsurprising that they exhibit such 

isotopic variation akin to fish (Javidpour et al., 2016; Shipley et al., 2017). Further 

research is required, but our results warrant further investigation into whether size 

offers a pragmatic approach to incorporating jellyfish inter-tissue trophic complexity 

into models across scyphozoan species. Our findings also suggest the size-based 

differentiation of δ15N for the jellyfish investigated here is species specific which may 

reflect the different maximum size estimates for these species. For example, Aurelia 

aurita grows to 30 cm bell diameter, and Cyanea lamarckii usually grows to 15cm bell 

diameter in British waters, but exceptionally can grow to >30cm (Russel, 1970). By 

contrast, Cyanea capillata usually grows to <50cm bell diameter, but can grow much 

larger to >90cm (Russel, 1970); the largest specimen sampled in this study was 85cm. 

Consequently, it is logical to suggest that as jellyfish grow, their isotopic niche broadens 

to include bigger sized prey items and, in some cases, including small fish which are 
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higher up the food chain, which gives rise to bigger jellyfish having an increased δ15N 

value and trophic position (Graham & Kroutil, 2001; Fleming et al., 2015). As jellyfish 

grow, there are shifts in their prey field in terms of zooplankton succession which may 

contribute to this phenomenon of jellyfish gaining a larger δ15N value over time 

(Graham & Kroutil, 2001; Fleming et al., 2014, 2015). 

3.5.1  Conclusions 

This study is a small step in providing data to modellers so that the lack of 

representation of jellyfish in ecosystem, fishery and food web models may be 

addressed. Our preliminary results indicate that there is significant inter-tissue isotopic 

variation among the three scyphozoan jellyfish presented here. More significantly, 

accounting for such variation is vital to our broader understanding and interpretation 

of SIA studies. Further research is needed, and we suggest investigating isotopic inter-

tissue variation in a greater range of species, which may help more obvious functional 

groupings to be ascertained either in relation to species, species specific size (or 

maximum size), feeding strategy or ideally by the presence/absence of readily 

identifiable morphological features.   
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4.1 Abstract 

Often, due to the lack of available data, jellyfish (Phylum Cnidaria, Class Scyphozoa) taxa 

are underrepresented in ecosystem and fisheries research. Meanwhile, in relation to 

predator prey interactions, a more nuanced view of their ecological function in marine 

systems is needed. To address this inconsistency, trophic position (TP) is a standard metric 

included in ecosystem models and may prove useful for exploring complex ecological 

groups, such as jellyfish. Trophic position is commonly estimated for consumers by using 

nitrogen stable isotope ratios (δ15N) measured from consumers and an isotopic baseline, 

accounting for diet-consumer trophic fractionation, commonly referred to as trophic 

discrimination factor (TDF). However, it is currently unclear whether standard TDF values 

estimated for other aquatic consumers are appropriate for jellyfish studies and therefore 

it is equally unclear whether estimates of jellyfish TP based on bulk isotopes are reliable. 

Towards this goal, we compare TP based on bulk and amino acid δ15N for four species of 

scyphozoan jellyfish and one hydrozoan captured from the N.E. Atlantic, Mediterranean 

and S.E. Pacific. We estimated bootstrapped median ±97.5 percentile TP by comparing 

values for “trophic” and “source” amino acids, using TDFs of 7.6 and 6.2‰. Median ±97.5% 

credibility-intervals of bulk TP were also estimated, using two commonly used TDFs in the 

literature (2.9±0.3 and 3.4±1‰). Whilst median jellyfish TP varied considerably between 

methods, estimates based on a bulk TDF of 2.9‰ and an amino-acid TDF of 7.6‰ 

overlapped for all comparisons. This indicates that these TDF values may be appropriately 

representative of jellyfish, allowing for their inclusion in isotopic food web studies in the 

future. 

Keywords: jellyfish, trophic discrimination factor, trophic position, amino acid, stable 

isotope analysis  
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4.2 Introduction 

Jellyfish (Cnidarian medusae and associated gelatinous zooplankton such as 

ctenophores and pelagic tunicates) are important components of marine food webs 

(Gibbons & Richardson, 2013; Brodeur et al., 2016; Hays et al., 2018). However, due to 

their low energy content and the perception that they had few predators, jellyfish were 

traditionally considered trophic dead ends (Houghton et al., 2007; Riascos et al., 2012; 

Hosia et al., 2014). This was perceived as negative because limiting the flow of nutrients 

to higher trophic levels impacts on food web dynamics and nutrient recycling (Lynam 

et al., 2006). Whilst fish feeding on jellyfish has been well documented for decades 

(Arai, 1988; Ates, 1988), there has been a shift in how the roles of these organisms in 

marine food webs are viewed. Many other species have been discovered to feed 

opportunistically or predominantly on jellyfish (e.g. ; Hoving and Haddock, 2017; 

Phillips et al., 2017). For instance, in the Irish Sea, Lamb et al. (2017, 2019) identified 

many fish species previously unknown as jellyfish predators in the Irish Sea while 

jellyfish serve as food for four penguin species in the Southern Ocean (Thiebot et al., 

2017). Considering such revelations, Hays et al. (2018) echoed calls from other 

researchers stating that more careful consideration is needed to fully parameterise the 

role of jellyfish in marine systems.  

Categorising groups of species based on their trophic position (TP) is an effective way 

to incorporate morphological and functional diversity into ecosystem models and food 

webs (Post, 2002). More specifically, TP derived from bulk stable isotope analysis (BSIA) 

has become a routine means of food web investigation for many ecologists (Post, 2002; 

McMahon & McCarthy, 2016). The comparison of consumer and prey stable isotope 

ratios of carbon (C) and nitrogen (N), adjusted for the isotopic shifts associated with 
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assimilation (trophic discrimination factors TDFs), are commonly used to elucidate 

trophic structure and energy transfer processes (Post, 2002; Fry, 2006; Middelburg, 

2014). TDFs account for the small natural variations in stable isotope ratios resulting 

from physical, chemical and biological processes that cause isotope fractionation: the 

stepwise accumulation of the heavier isotope (15N or 13C) with each trophic level in a 

consumer compared to its diet  (McCutchan et al., 2003; McMahon and McCarthy, 

2016; Post, 2002). Ordinarily, consumer TP is derived from the difference in consumer 

and baseline δ15N values when TDFs are known. However, efforts by Fleming et al. 

(2015) to estimate jellyfish TP and consumption patterns (via mixing models) were 

constrained by a lack of reliable TDFs and complicated further by the finding that 

jellyfish δ15N is temporally variable (Fleming et al., 2015). D’Ambra et al. (2014) 

suggested that TDFs for nitrogen in jellyfish may be very low in comparison to other 

marine species (e.g. Aurelia spp. Δ15N = 0.1 ‰). However, Fleming et al. (2015) found 

that when applied to δ15N of Aurelia aurita collected from the N.E Atlantic, use of this 

low TDF resulted in unfeasibly high TP estimates for Aurelia aurita (estimated TP range: 

2.3 – 78.7) and other jellyfish they examined (C. capillata & C. lamarckii). Critically,  

D’Ambra et al. (2014) estimated that nitrogen TDF for Aurelia sp. is also low, compared 

to that estimated for other aquatic consumers (e.g. 2.9‰ - McCutchan et al. (2003), or 

3.4‰ – Post (2002)), and as such, it is difficult to know whether estimates of jellyfish 

TP based on commonly used standard TDFs are reliable. The variability in determined 

TDFs to-date could reflect differences between productive temperate systems (N.E. 

Atlantic & Irish Sea) and oligotrophic systems (Mediterranean Sea) or be the result of 

inherent physiological differences in nitrogen metabolism within, and/or between, 

species. A lack of reliable TDFs is creating a bottleneck in jellyfish trophic ecology which 
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precludes the reliable calculation of TP for a taxon which is already overlooked by 

ecosystem and fisheries modellers (Pauly et al., 2009).  

Compound specific isotope analysis (CSIA) of individual amino acids (AAs) has recently 

emerged as a powerful analytical tool for ecologists similar to BSIA (Chikaraishi et al., 

2014; Nielsen et al., 2015; McMahon & McCarthy, 2016). Crucially, the CSIA AA 

approach first identified by McClelland & Montoya (2002) potentially increases the 

accuracy and precision of TP estimates. This method centres on how heavily 

fractionating “trophic” AAs such as glutamine acid (Glu), provide a robust indicator of 

trophic transfer between consumer and prey while minimally fractionating “source” 

AAs such as phenylalanine (Phe) closely reflect the δ15N value at the base of the food 

web (McMahon & McCarthy, 2016), all from a single sample of consumer tissue (e.g. 

Batista et al., 2014; Chikaraishi et al., 2014; Choy et al., 2015). Ultimately, what 

McClelland and Montoya (2002) first suggested, which  later studies confirmed, is that 

differential amino acid δ15N fractionation with trophic transfer could yield independent 

information on both trophic level and δ15N baseline, allowing ecologists to calculate 

internally referenced consumer TP.  

Subsequent feeding and field studies using the CSIA approach seemed to converge on 

consistent trophic fractionation values of approximately 7.6 ‰, which became the 

widely adopted TDF value for calculating TP from CSIA methods across multiple taxa 

and environments (Lorrain et al., 2009, 2015; Dale et al., 2011; Choy et al., 2012; Miller 

et al., 2013; Nakatomi et al., 2013). However, a number of studies challenged the idea 

that a single constant TDF value can accurately represent true fractionation values 

among many consumer-resource relationships in complex systems (Lorrain et al., 2009; 

Dale et al., 2011; Matthews & Ferguson, 2014; Bradley et al., 2015). In a study 
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investigating the diet of orcas (Orcinus orca), Matthews and Ferguson (2014) proposed 

that a multi-TDF calculation of TP yielded more accurate results because it accounted 

for differences between consumers N cycling. Other studies reach a similar conclusion 

whereby the adoption of a constant 7.6‰ value often resulted in an underestimation 

of TP in comparison to other methods including gut content analysis and visual 

observation (Dale et al., 2011; Matthews & Ferguson, 2014; Bradley et al., 2015).  

With these issues in mind, we conducted BSIA and amino acid CSIA on four species of 

scyphozoan jellyfish and one hydrozoan from the N.E. Atlantic, Mediterranean and S.E. 

Pacific. While incorporating TDF variability, TP estimates from each method were 

calculated, the rationale being that if estimates converge towards a consistent TDF 

range then we can start to develop more reliable estimates of jellyfish TP. This would 

ultimately allow for the inclusion of these important consumers into isotopic food web 

studies in the future. 

 

4.3 Methods 

To estimate trophic position using BISA and CSIA, we sampled four different species of 

scyphozoan jellyfish and one hydrozoan commonly found in each of the three marine 

systems. Aurelia aurita, Cyanea lamarckii and Cyanea capillata were collected during 

annual fisheries surveys conducted in the Irish Sea by the Agri-Food and Biosciences 

Institute, Northern Ireland. The Irish Sea is a semi-enclosed, dynamic and ecologically 

important system located between Great Britain and Ireland (Horsburgh et al., 2000; 

Gowen & Stewart, 2005). Pelagia noctiluca and Velella velella samples were collected 

opportunistically from fishing boats or the shore at Santa Margherita Ligure 

(44o20’1.1”N, 9o12’50.7”E) in the Mediterranean coast of northern Italy, an 
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oligotrophic system characterised by low primary production (Bethoux et al., 1998; 

Thingstad et al., 2005). Pelagia noctiluca samples were also collected from a highly-

productive coastal upwelling area of the South East Pacific in Northern Chile (Thiel et 

al., 2007). These sample locations represent three distinct marine systems across the 

globe (Fig. 4.1) allowing for intra-specific inspection of results based on environmental 

differences. 

4.3.1 Sample collection and processing for SIA 

Between April 2015 and September 2016, jellyfish specimens were collected using 

Methot Isaacs Kidd (MIK) nets (Irish Sea samples) and 1 cm mesh dip nets 

(Mediterranean and S.E. Pacific Pelagia noctiluca samples). Freshly stranded Velella 

velella from the Mediterranean were collected directly from the shoreline immediately 

after stranding. Medusae bell diameter, measured as inter-rhopalia distance (±0.5 cm), 

was recorded along with whole specimen wet mass (±1.0 g). Velella velella size was 

taken as a measurement of its maximum diameter. Separated scyphozoan bell and 

whole Velella velella were thoroughly washed in filtered sea water to remove 

unwanted metabolic nitrogenous compounds as per Mackenzie et al. (2017) and oven 

dried at 60oC until they reached a constant mass, or initially preserved by freezing 

before being oven dried later. Following methods outlined in Doyle et al. (2007) once 

dried to a constant mass, samples were homogenised to a fine powder using a mortar 

and pestle. 
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Figure 4. 1. Locations of jellyfish sampling from the (b) Irish Sea (Aurelia aurita, Cyanea 

lamarckii and Cyanea capillata), (c) Mediterranean (Pelagia noctiluca and Velella velella) and 

(d) South East Pacific (Velella velella).  

 

4.3.2 Bulk Stable Isotope Analysis (BSIA) 

After preliminary analysis to check isotopic peaks were large enough to register 

sufficient δ15N and δ13C readings, an optimal sample mass was found to be ≈3-4 mg for 

all the sampled jellyfish species. Powdered jellyfish samples of ≈3-4 mg were weighed 

into tin capsules and continuous flow isotope ratio mass spectrometry (CF-IRMS) was 

performed using an ECS 4010 elemental analyser (Costech, Milan, Italy) coupled to a 

Delta XP mass spectrometer (Thermo Electron, Bremen, Germany). All samples were 

analysed for δ13C, δ15N, %C and % N at the East Kilbride Node of the Natural 

Environment Research Council Life Sciences Mass Spectrometry Facility. Drift 

correction using a 3-point normalization was performed using three in-house standards 
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(GEL, ALAGEL and GLYGEL) encompassing a range of isotope compositions, run every 

ten samples, and a suite of GELs of different sizes were used to correct samples for 

linearity (Werner & Brand, 2001). GEL is dried from a solution of gelatin, ALAGEL from 

an alanine-gelatine solution, and GLYGEL from a glycine-gelatine solution. Four 

differently sized USGS 40 glutamic acid standards (Qi et al., 2003; Coplen et al., 2006) 

were used as independent checks of accuracy and to acquire the calibration for N and 

C content. All data are reported with respect to the international standard of AIR for 

δ15N and V-PDB for δ13C. Results are reported in δ notation (McKinney et al., 1950). 

Experimental precision was 0.07‰ for carbon and 0.09‰ for nitrogen (standard 

deviation of laboratory standard replicates of GEL). 

4.3.3 Compound Specific Isotope Analysis (CSIA) 

All samples were prepared for compound specific nitrogen isotope analysis of amino 

acids by acid hydrolysis followed by derivatization to produce N-acetyl isopropyl esters 

(Corr et al., 2007) at the NERC Life Sciences Mass Spectrometry Facility School of 

Chemistry, University of Bristol, UK. 

4.3.4 Liberation of free amino acids by acid hydrolysis  

Approximately 2 mL 6M hydrochloric acid (HCl) was added to aliquots of each dried 

homogenised sample (2mg) in addition to 40 μg (50 μl of a 200 μg mL-1 solution) of 

norleucine (internal standard); the headspace was filled with oxygen-free nitrogen gas 

before sealing the tube and heating at 100°C for 24 h. Acid hydrolysis was performed 

under nitrogen to minimise the oxidative degradation of amino acids under these harsh 

conditions. After cooling, the hydrolysates were blown down to dryness under a stream 

of nitrogen at 60°C and stored in 1 mL 0.1 M HCl at -25°C. 
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4.3.5 Purification of amino acids by cation exchange column chromatography 

Dowex 50X-W8 cation exchange resin (Sigma FchatAldrich, Dorset, UK) was prepared 

as follows to ensure all cation exchange sites were occupied by H+ ions. Approximately 

5g resin was soaked for at least 12 h in a 3M sodium hydroxide solution (NaOH). The 

liquid was then poured away and any excess NaOH was removed by washing five times 

with double distilled water (DDW).The washed resin was then soaked in 6M HCl for at 

least 24 h and stored under 6M HCl until required. 1 mL of the prepared Dowex resin 

was transferred to a flash column and washed again by passing 3 x 2 mL DDW through 

it. The hydrolysates in 1 mL 0.1 M HCl were added to the top of the column and allowed 

to run through the column until the top of the solution was just above the level of the 

resin. The salts were eluted with 2 x 2 mL DDW before eluting the amino acids with 2 x 

2 mL 2M ammonium hydroxide solution (NH4OH). The amino acid fraction was blown 

down to dryness under N2 at 60°C. 

4.3.6 Preparation of N-acetyl, O-isopropyl derivatives 

Due to their dual-ionic character, amino acids require derivatisation before analysis by 

techniques involving separation by gas chromatography. Amino acids were derivatised 

by conversion to their isopropyl esters before subsequent N acetylation, as per Corr et 

al. (2007). A 4:1 v/v mixture of isopropanol and acetyl chloride was created by cooling 

a vial of isopropanol in an ice bath and adding acetyl chloride dropwise once the 

isopropanol was ice cold; 0.25 mL of this mixture was added to the hydrolysed amino 

acid fraction of each sample in a culture tube. The tubes were sealed and heated at 

100°C for 1 h before quenching the reaction in a freezer at -25°C for a further hour. 

Excess reagents were removed by evaporation under a gentle stream of nitrogen at no 

more than 40°C. Dichloromethane (DCM) (2 x 0.25 mL) was added and gently blown 
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down each time to ensure removal of all reagents. A mixture of acetone, triethylamine 

and acetic anhydride (5:2:1 v/v/v) was added to the tube (1 mL), which was then sealed 

and heated for 10 min at 60°C. The sample was allowed to cool before being blown 

down under a stream of nitrogen at room temperature, then re-dissolved in 2 mL ethyl 

acetate. A 1 mL volume of saturated aqueous sodium chloride (NaCl) solution was 

added and the mixture vortex-mixed. A phase separation was carried out, and the 

organic phase was evaporated under a gentle stream of nitrogen in an ice bath. Any 

remaining water was removed with the addition of 3 successive 1 mL aliquots of DCM, 

blowing down each time. The vials were capped and stored in a freezer at -25°C until 

required for analysis.  

4.3.7  Gas chromatography with Flame ionisation Detection (GC-FID) analyses 

GC analyses were performed using a Hewlett-Packard 7890 Gas Chromatograph 

equipped with an Agilent DB-35 capillary column (dimensions 30 m x 0.32 mm internal 

diameter; 0.5μm film thickness). Samples were introduced using on-column injection 

with helium as the carrier gas at a flow rate of 2 mL per minute. Oven temperature 

70°C was initially held for 2 minutes, then heated by 15°C min-1 to 150°C, then by 2°C 

min-1 to 210°C and finally 8°C min-1 to 270°C at which point it was held for 15 min. 

Detection of eluant compounds was achieved using a flame ionisation detector (FID). 

Peaks were identified by comparison of retention times with those of derivatised 

amino acid standards.  

4.3.8  Gas chromatography-combustion-isotope ratio mass spectrometry  

These analyses were performed using a ThermoFisher Scientific Trace GC connected to 

a Delta V IRMS via a GC Isolink and Conflow IV interface. The GC was again equipped 

with a DB-35 capillary column (dimensions 30 m x 0.32 mm internal diameter; 0.5μm 
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film thickness). Samples were introduced using a programmable temperature 

vaporisation (PTV) injector with the initial oven temperature at 40°C for 5 minutes 

before raising it by 15°C min-1 to 120°C, by 3°C min-1 to 180°C, by 1.5°C min-1  to 210°C 

and finally by 5°C min-1 to 270°C at which point it was held for 8.5 mins. Helium was 

used as the carrier gas at a flow rate of 1.4ml per minutes. A Nafion dryer removed 

water and a cryogenic trap was employed in order to remove CO2 from the oxidised 

and reduced sample. Peaks were identified by comparison of retention times with 

those of derivatised amino acid standards. Isotopic compositions are expressed using 

the delta scale as follows: δ15N = Rsample/ Rstandard - 1, where R is the 15N/14N ratio, and 

the standard is atmospheric N2 (air). Peaks were identified by comparison of retention 

times with those of derivatised amino acid standards. Isotope ratios were computed 

by comparing with reference N2 of known isotopic composition, introduced directly 

into the ion source in four pulses at the start and end of each run. Isotopic compositions 

are expressed using the delta scale as follows: δ15N = Rsample/ Rstandard - 1, where R is 

the 15N/14N ratio, and the standard is atmospheric N2 (air).  

4.3.9  Estimation of trophic position using BSIA and CSIA  

The trophic position of jellyfish from BSIA data was estimated using the R package 

tRophicPosition (version 0.7.5; Quezada-Romegialli et al., 2018) using the equation: 

TPJellyfish = + (δ15NJellyfish – [δ15Nbaseline1 x (1 -)])/ Δ15Nwhere  = (δ13CJelly – 

δ13Cbaseline2)/(δ13Cbaseline1 – δ13Cbaseline2), Δ15N = TDF and  = trophic level of baseline indicator. 

The tRophicPosition package incorporates a Bayesian model of analysis using consumer 

δ15N values, TDFs and baseline values for a known trophic position (filter feeding 

bivalves collected at each location).  More specifically, we calculated median ±97.5% 

credibility intervals for TP from bulk δ15N values using the Onebaseline model option. 
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We estimated TPs using two commonly used TDFs for bulk δ15N. The first is a TDF based 

on mean ± SD observed diet-consumer shift for a wide variety of consumers (Post, 

2002:  3.4 ± 1.0 ‰) and one based on aquatic carnivores (2.9 ± 0.3 ‰ McCutchan et al. 

2003). We examined overlap in 97.5% credibility intervals for TP to indicate statistically 

significant differences in TP for the different species as well as for the two different 

TDFs.  

Following a similar approach, we estimated TP from CSIA-AA from Δ15N glutamine-

phenylalanine data using two commonly used TDFs using the equation: TPCSIA = 

1+(δ15NGlu-δ15NPhe-β/TDFGlu-Phe). As reported in McMahon and McCarthy (2016), the 

most common formulation for TPCSIA is based on the offset between the trophic amino 

acid glutamine  and source amino acid phenylalanine, where δ15NGlu and δ15NPhe 

represent the stable nitrogen isotope values of the consumer glutamine and 

phenylalanine, respectively. β represents the difference in δ15N between these same 

amino acids in primary producers at the base of the food web, and TDFGlu-Phe represents 

the trophic discrimination factor (TDF) between diet and consumer, calculated by 

normalizing trophic fractionation of glutamine (Δ15NGlu) to phenylalanine (Δ15NPhe). 

Many researchers using AA δ15N to estimate TP of consumers from a wide range of taxa 

and habitats have used a canonical TDF value of 7.6 ‰ (McMahon & McCarthy, 2016). 

However, this value has been questioned, and McMahon & McCarthy (2016) provided 

an estimate of 6.2 ‰ based on a wide range of taxa, food types and nitrogen excretion. 

We used a βGlu-Phe value of 3.4‰, calculated bootstrapped median (± 97.5 % confidence 

interval) TP values (n replacements = 1000) and examined overlap between these 

values as evidence for differences between species, locations, TDFs and type of isotope 

analysis.  
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4.4 Results 

4.4.1 Bulk Trophic Position Estimation 

Jellyfish bulk δ15N values were significantly different between systems (χ2
2=33.4, 

p<0.001) and species (χ2
5=19.12 p<0.001).  Kruskal Wallis post-hoc Nemenyi tests 

showed that there was no difference in δ15N between the two Mediterranean jellyfish 

(p<0.01) and both had distinctly lower δ15N values in comparison to the other jellyfish 

sampled (Fig. 4.2). As an assemblage, Irish Sea jellyfish were not significantly different 

from each other in terms of δ15N (p>0.05) and had significantly different δ15N values 

than those from the Mediterranean (p<0.001) and S.E. Pacific (p<0.001) 

Pelagia noctiluca sampled from the S.E. Pacific had significantly higher δ15N (p<0.01) 

than those sampled from the Mediterranean. Bulk stable isotope analysis data (Table 

4.1) indicated that jellyfish TP ranged from 1.93 (±95% credibility interval 1.65 - 2.21) 

to 3.54 (±95% credibility interval 3.23 - 3.90). Cyanea capillata had the highest median 

TP using both TDF values (3.03 ([±95% credibility interval 2.87 - 3.20]) and 3.54 ([±95% 

credibility interval 3.23 - 3.90]) of all jellyfish sampled, followed broadly by the other 

jellyfish collected in the Irish Sea, Cyanea lamarckii and Aurelia aurita. Velella velella 

and P. noctiluca from the Mediterranean had lower TP estimates, however, P. noctiluca 

from the S.E. Pacific had the lowest TP estimate of all using the Post (2002) TDF value 

(1.93 (±95% credibility interval 1.65 - 2.21). Median TP estimates were lower in each 

case using the Post (2002) TDF but, in all but one case, credibility intervals overlapped 

with estimates based on the McCutchan et al. (2003) TDF. The 95% credibility interval 

for C. capillata TP based on the Post (2002) TDF fell below those based on the 

McCutchan et al. (2003) TDF value.  
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Using the Post (2002) TDF (Δ15N=3.4±1‰), median TP (±95% credibility intervals) was 

3.03 (±95% 2.87 – 3.20), while the McCutchan et al. (2003) TDFs (Δ15N=2.9±0.3‰) 

indicates median TP of 3.54 (±95% 3.23 – 3.90). All TPs were estimated to be over 2.0 

except that of P. noctiluca from the S.E Pacific using the Post (2002) TDF with a TP of 

1.93 (±95% 1.65 – 2.21).  

Table 4. 1. Jellyfish trophic position estimates from Bayesian mixing models using 

tRophicPosition incorprating isotopic variation in baselines (filter-feeding bivalves, TP = 2) and 

consumer δ15N as well as in TDFs. 

 

Location Species 

Bulk δ15N 
Δ15N=2.9 ±0.3‰ 

(± 95 % CI) 
  

Bulk δ15N 
Δ15N=3.4 ±1‰ 

 (± 95 % CI) 
  

Mediterranean P. noctiluca 2.27 (2.01 – 2.95) 2.18 (2.00 – 2.63) 

 V. velella 2.17 (2.00 – 2.69) 2.11 (2.00 – 2.45) 

Irish Sea A. aurita 2.40 (2.24 – 2.58) 2.27 (2.16 – 2.38) 

 C. lamarckii 2.71 (2.44 – 3.00) 2.48 (2.31 – 2.66) 

 C. capillata 3.54 (3.23 – 3.90) 3.03 (2.87 – 3.20) 

S.E. Pacific P. noctiluca 2.39 (1.97 – 2.86) 1.93 (1.65 – 2.21) 

 

4.4.2 Amino Acid Trophic Position Estimation 

Phenylalanine δ15N varied among the three marine areas (Table 4.3). Mediterranean 

samples had very low phenylalanine δ15N values, while the Irish Sea scyphozoans had 

a similar spread of δ15N values. However, the S.E Pacific P. noctiluca were distinct from 

their Mediterranean conspecifics with much higher δ15N values, although the 

Pphenylalanine δ15N reflects differences in baseline sources. 
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Figure 4.2. Raw bulk δ15N and δ13C isotopic values of jellyfish from three different systems 

around the world.  

 

Table 4.2. Mean glutamine and phenylalanine amino acid δ15N ±SD for four scyphozoan and 

one hydrozoan jellyfish. 

Location Species 

Mean 
Glutamine 

δ15N 
± SD 

Mean 
Phenyalaline 

δ15N 
± SD 

Mediterranea
n 

P. noctiluca 13.81343 2.365204 -1.04686 1.421498 

 V. velella 12.75193 0.960601 0.207667 1.191811 

Irish Sea A. aurita 23.60379 1.429466 5.937143 1.3797 

 C. lamarckii 25.82 0.644012 6.249429 1.125297 

 C. capillata 27.70992 1.036637 5.999333 0.918546 

S.E. Pacific P. noctiluca 29.0325 1.162398 9.914214 1.360602 

 

The difference in δ15N between amino acids (Glutamine-Phenylalanine) indicated the 

baseline corrected trophic position of individual samples (Fig. 4. 3). Here, the 

Mediterranean P. noctiluca had a greater spread of δ15N values with a higher mean 

δ15N than the phenylalaine δ15N, while glutamine-phenylalanine δ15N for Velella velella 
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has remained low. Conversely, S.E. Pacific P. noctiluca displayed a much higher isotopic 

glutamine-phenyalanine δ15N difference than their Mediterranean counterparts. 

However, baseline corrected estimates revealed a slight overlap in their isotopic 

trophic position. The Irish Sea jellyfish glutamine-phenylalanine δ15N showed that after 

correcting for baseline differences, the A. aurita had a relatively large TP range (Fig. 

4.4). In contrast, while both Cyanea sp. had retained their narrower isotopic niche, C. 

capillata were at a higher TP than the other two Irish Sea jellyfish.  

Trophic positions estimated using glutamine-phenylalanine δ15N values and TDFs of 

6.2‰ and 7.6‰ revealed a similar pattern to eachother (Fig. 4.5). Mediterranean P. 

noctiluca and Velella velella are feeding at the lowest TP of all the groups examined 

here while the Irish Sea jellyfish has higher TPs, most notably Cyanea capillata which 

had a isotopically distinct range from C. lamarckii and A. aurita. South East Pacific P. 

noctiluca had a similarly broad isotopic range to the other jellyfish with a varied 

estimated TP and a slight overlap with Mediterranean P. noctiluca. 

4.4.3 Bulk vs amino acid trophic position comparisons 

Comparison of bulk and amino acid methods to estimate TP (Bayesian median ±95% 

credibility interval and Bootstrapped median ±95% confidence interval) using different 

TDFs reveals the closest agreement in median values is between the lower TDF 

estimates for bulk N (2.9‰) and amino acid N (7.6‰) TDFs (Table 4.3). However, the 

different estimates produced for the S.E Pacific P. noctiluca do not overlap in any 

combination of bulk vs amino acid derived TP estimates. 
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Figure 4.3. Variation in phenylalanine δ15N values for three different scyphozoan jellyfish in 

three different marine areas. 
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Figure 4.4. Trophic glutamine δ15N minus source phenyalaline amino acid δ15N for jellyfish 

samples collected in the Mediterranean, Irish Sea and the S.E Pacific indicating δ15N trophic 

position corrected for baseline differences in productivity from those areas.. 
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Figure 4.5. Amino acid derived jellyfish TP using two different TDF values (6.2 & 7.6‰).  
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Table 4.3. Bulk (with Bayesian median median ± 95 % credibility intervals) versus amino acid (with bootstrapped median ± 95 % credibility intervals) 

estimates of TP using a range of different TDFs. 

                              Bulk                        Amino acid 

Location Species 
Δ15N=2.9‰  
(± 95 % CI) 

Δ15N=3.4‰  
( ± 95 % CI) 

Δ15N=6.2‰  
(± 95 % CI) 

Δ15N=7.6‰ 
(± 95 % CI) 

Mediterranean Pelagia noctiluca 2.27 (2.01 – 2.95) 2.18 (2.00 – 2.63) 2.85 (2.37 – 3.26) 2.51 (2.12 – 2.85) 

 Velella velella 2.17 (2.00 – 2.69) 2.11 (2.00 – 2.45) 2.48 (2.14 – 2.75) 2.21 (1.93 – 2.43) 

Irish Sea Aurelia aurita 2.40 (2.24 – 2.58) 2.27 (2.16 – 2.38) 3.29 (2.88 – 3.73) 2.88 (2.53 – 3.23) 

 Cyanea lamarckii 2.71 (2.44 – 3.00) 2.48 (2.31 – 2.66) 3.61 (3.43 – 3.76) 3.13 (2.99 – 3.24) 

 Cyanea capillata 3.54 (3.23 – 3.90) 3.03 (2.87 – 3.20) 3.95 (3.85 – 4.05) 3.41 (3.31 – 3.49) 

S.E. Pacific Pelagia noctiluca 2.39 (1.97 – 2.86) 1.93 (1.65 – 2.21) 3.53 (3.3 – 4.01) 3.01 (2.88 – 3.46) 
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4.5 Discussion 

Stable isotope analysis as an investigative tool in ecology has revolutionised the way in 

which we attribute energy flow in marine systems (e.g. Nagata et al., 2015; Morais et al., 

2017; Tilves et al., 2018).  Here, estimates of bulk TP based on two different TDF values 

ranged from 1.93 (1.65-2.21) (S.E. Pacific Pelagia noctiluca) to 3.54 (3.23-3.90) (Irish Sea C. 

capillata). Curiously, the median TP for S.E Pacific P. noctiluca using the Post (2002) TDF 

was very low (TP =1.93), indicating that there may be a photosynthetic contribution 

whereby jellyfish symbionts are producing nutrients via photosynthesis. Whilst there is 

little evidence that P. noctiluca gain nutrients from primary production via zooxanthellae 

symbionts, such relationships do occur among other species of jellyfish (e.g. upside-down 

jellyfishes Cassiopeia sp., Papuan jellyfish Mastigias papua and thimble jellyfish Linuche 

unguiculate) (Ohtsuka et al., 2009). Rädecker et al. (2015) suggested that the symbiosis 

between jellyfish hosts and endosymbiotic algae sustains primary production in the 

absence of other major nutrient sources for the jellyfish host. However, in this instance, 

given that these samples were collected from a highly productive upwelling region off the 

coast of Chile (Thiel et al., 2007), potential photosynthetic contributions are unlikely to be 

driven by a lack of nutrient resources within the system. TDFs in aquatic consumers are 

typically lower than the typical 3.4‰ proposed by Post (2002). Accordingly, BSIA based on 

a lower TDF of 2.9±0.3‰ (McCutchan et al., 2003) revealed subsequent estimates of TP 

more consistent across P. noctiluca collected from both the Mediterranean and S.E. Pacific 

(2.27 (2.01-2.95) and 2.39 (1.97-2.86) respectively). This suggests that while P. noctiluca 

may be feeding low in the food web, they are not necessarily making gaining energy 

photosynthetically through symbiotic relationships.  CSIA derived estimates of TP also 
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revealed P. noctiluca from the Mediterranean occupied the lowest trophic position of 

species considered in this study, corroborating Syvaranta et al., 2012) even though other 

studies have found P. noctiluca in the NW Mediterranean to be important predators of 

summer ichthyoplankton (Sabatés et al., 2010). The amino acid TP estimates also indicate 

that S.E Pacific P. noctiluca occupy a higher median TP, albeit narrowly overlapping with 

the TP of the Mediterranean samples. This may  reflect the more productive upwelling 

environment of S.E. Pacific in comparison to the relatively oligotrophic, Mediterranean 

(Bethoux et al., 1998; Thingstad et al., 2005). More generally, it may be that P. noctiluca 

can display trophic plasticity with respect to the ambient prey field whereby in oligotrophic 

areas they can revert to feeding at a very low trophic level. Conversely, in productive areas, 

P. noctiluca can adapt their feeding habits to incorporate potentially larger items which 

typically had a higher δ15N ratio - potentially employing their stinging cells to do so. 

Graham and Kroutil (2001), amongst others, previously presented evidence for size-based 

prey selectivity and dietary shifts in A. aurita and C. capillata. 

By contrast, V. velella host photosynthetic zooxanthellae and, discounting the single P. 

noctiluca TP estimate based on TDF for the S.E Pacific, they consistently occupy the lowest 

TP in this study across method and TDFs. Additionally, V. velella TP estimates are also lower 

than estimates presented by Cardona et al. (2007) despite samples originating in the 

Balearic archipelago, one of the most oligotrophic areas in the Western Mediterranean 

(Cardona et al., 2007). If V. velella trophic ecology is similar to that of P. noctiluca in being 

capable of feeding at exceedingly low trophic levels when ambient resources dictate, then 

it is possible that primary production in NW Italy is even lower than that of the Balearic 
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archipelago. Cardona et al. (2007) suggested that zooxanthellae are the main source of C 

for V. velella in the western Mediterranean; this may provide an alternative strategy of 

production in resource-scarce regions. 

C. capillata consistently occupied the highest TP of species in this study and also the largest 

maximum size among these species; it is an important consumer of zooplankton prey in 

many coastal communities, including other jellyfish (Robison, 2004; Titelman et al., 2007; 

Hosia & Titelman, 2011). Although intra-guild predation (when potential competitors eat 

each other) is likely common among many larger jellyfish species, the evidence that C. 

capillata specifically feed on other jellyfishes is overwhelming (Båmstedt et al., 1994; 

Hansson, 1997; Martinussen & Bamstedt, 1999). C. capillata TP estimates derived from 

amino acid CSIA are also distinguishable from the other Irish Sea jellyfish by feeding at a 

higher trophic level than both C. lamarckii and A. aurita. However, both Cyanea sp. had a 

relatively narrow TP breadth while A. aurita had wider TP range, perhaps because it is a 

generalist consumer (Sullivan et al., 1994). Critically, A. aurita isotopic breadth may 

increase as it widens its potential prey field, retaining the ability to feed at lower trophic 

level while also capable of feeding higher up the food web. (Dietary shift & Fleming ref and 

others to add in here).  In contrast, Cyanea spp. may undergo a shift of feeding habits onto 

larger prey items at a higher trophic level. In other words, they appear to be more selective 

in their feeding habits, opting not to feed at lower trophic levels once the option to feed 

at higher trophic levels is available, which may be governed by jellyfish size for example. 

The best agreement of jellyfish TP among methods presented here is between those 

calculated using the lower (2.9 ‰) TDF value for bulk N and the higher (7.6 ‰) TDF value 
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for amino acid N corroborating McCutchan et al. (2003) and Chikaraishi et al. (2009). Using 

these values, the TP of jellyfish examined here ranged from 2 to ca. 3.5. Taken together, 

these estimates are indicative of a range of species feeding at a range of different trophic 

levels in three very different systems but which all support large aggregations of jellyfish 

annually. From feeding on phytoplankton to zooplankton, it highlights the trophic diversity 

among even a small subset of jellyfish. However, despite considerable inter and intra-

specific variation, there was broad agreement between these two assumed TDF values 

which can now be used to inform food-web based studies or indeed experimental 

methodological studies to further investigate jellyfish TDF. 

4.5.1  Conclusions 

TDF values of 2.9‰ for BSIA and 7.6‰ for CSIA may be used in trophic studies and included 

in mixing models, now with a greater degree of confidence that they accurately account 

for the trophic fractionation of jellyfish. These findings may go some way in releasing the 

current bottleneck created by the lack of appropriate TDFs and the inability to derive 

reliable TP for jellyfish species. This helps address calls by Pauly et al. (2009) and others to 

include a more nuanced view of jellyfish trophic complexity into future models.  It is 

surprising that this abundant and diverse taxonomic group such as jellyfish, often heralded 

as having the capability of greatly influencing local prey resources (e.g. Shiganova, 1998; 

Lynam et al., 2005, 2011; Lynam & Brierley, 2006), is not better accounted for in marine 

food webs and ecosystem based studies.  
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5.1  Abstract 

Gelatinous zooplankton contribute in a range of ways to energy flow in ecosystems. 

Despite a recent paradigm shift in how scientists perceive the trophic importance of 

gelatinous zooplankton, their ecological relevance has often been neglected beyond their 

role as stressors of the marine environment. Here we used bulk stable isotope analysis 

(BSIA) with resolved jellyfish TDFs to investigate fish-jellyfish trophic interactions occurring 

in the Irish Sea. More specifically we assessed the trophic relevance of jellyfish to fish diets 

and vice versa in order to characterise the interplay of these interactions in our study area. 

We found that trophic interactions with fishes are a two-way street whereby fish are 

predators of and prey for gelatinous zooplankton. Furthermore, we presented evidence of 

a complex food web with multiple interactions between gelatinous and fish species 

constituting a fish-entwined ‘jellyweb’ in which ctenophores and hydrozoans feature 

prominently as well as scyphozoan jellyfish. 

 

Keywords: fish-jellyfish interactions, ‘jellyweb’, gelatinous zooplankton, commercial fish 
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5.2  Introduction 

Jellyfish are an important component of marine food webs (Pauly et al., 2009; Hamilton, 

2016; Hays et al., 2018) which interact with fish communities in a range of ways (Brodeur 

et al., 2002; Lynam et al., 2004; Lynam & Brierley, 2006; Doyle et al., 2014). Whether they 

are competing with fish for food, feeding directly on small fish, eggs and larvae or providing 

shelter and food to developing juvenile fish, it is clear the role of jellyfish is nuanced, 

complex and likely to differ temporally and spatially as environmental conditions vary 

(Bastian et al., 2011; Condon et al., 2013). It is this potential for jellyfish to impact on fish 

communities both negatively and positively, which we have termed ‘The jellyfish paradox’ 

representing the complex and long standing role of jellyfish in marine food webs which 

requires adequate ecological description and  quantification (Boero et al., 2008; Pauly et 

al., 2009; Doyle et al., 2014). For example, Robison (2004) suggested that gelatinous 

zooplankton may operate within semi-closed food webs alongside well-established fish 

models with primary, secondary, and tertiary consumers, constituting its own ‘jellyweb’. 

Furthermore, Fleming et al. (2013) demonstrated how in a temperate sea lough three 

species of jellyfish (Aurelia aurita, Cyanea capillata and Cyanea lamarckii) displayed 

greater isotopic variability than the sympatric fish community (n=23 sp.) with a low level 

of trophic overlap between the two groups. Conversely, Nagata et al. (2015) demonstrated 

pronounced overlap of the isotopic niche between co-occurring jellyfish and fish 

suggesting that the extent of interplay can vary markedly between locations. Either way, 

given that gelatinous zooplankton pre-date fishes by millions of years and have co-existed 

since the Cambrian period (Boero et al., 2008; Dunn et al., 2008) these trophic interactions 

are long standing and have far from hindered the evolution and expansion of fishes 
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throughout the oceans. Where the difference lies is in the perception of these two faunal 

groups whereby fish are treated as complex and nuanced predators, whilst jellyfish are 

viewed as one-dimensional and heavily constrained in their feeding habits despite ranging 

in mass by several orders of magnitude. Likewise, understanding of jellyfish as prey has 

shifted vastly in recent years as techniques such as stable isotopes, fatty acids and animal 

mounted cameras have revealed that opportunistic and episodic predation on gelatinous 

fauna is widespread (Hays et al., 2018). This encompassing view of jellyfish in ecosystems 

(i.e. one that accounts for both positive and negative impacts) has prompted a paradigm 

shift in how jellyfish are viewed (Hamilton, 2016; Hays et al., 2018). The onus is now to 

gain a better understanding of gelatinous zooplankton to facilitate their effective inclusion 

into ecosystem and fisheries-based models (Pauly et al., 2009; Brodeur et al., 2016; Hays 

et al., 2018). However, the bottleneck in doing this to date has not been the analytical 

capacity of modellers, rather a lack of empirical data linking jellyfish to their prey given the 

inherent problems of sampling such soft-bodied taxa (Fleming et al., 2011; Doyle et al., 

2014). To address this issue techniques such as stable isotope analysis (SIA) and compound 

specific isotope analysis (CSIA) are being employed, primarily as a means to determine 

trophic position (TP) of jellyfish consumers in food webs, but more broadly as a means to 

understand the ecology of individuals, populations, species, communities and ecosystems 

(Middelburg, 2014). Typically, SIA is performed on bulk δ13C and δ15N. For example, bulk 

stable isotope analysis (BSIA) suggested up to 90% of the diet of a juvenile commercially 

important forage fish (Chloroscombrus chrysurus) in the Gulf of Mexico was provided by 

the jellyfish host (D’Ambra et al., 2014), while that a range of species in the Mediterranean 

discovered that many apex predators such as  bluefin tuna (Thunnus thynnus), little tunny 
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(Euthynnus alletteratus), spearfish (Tetrapturus belone) and swordfish (Xiphias gladius), 

feed on jellyfish (Cardona et al., 2012). 

Here we used BSIA and jellyfish specific TDFs derived using both BSIA and CSIA to 

investigate fish-jellyfish trophic interactions in the Irish Sea. Building on Lamb et al. (2017, 

2019) which showed predation fo jellyfish  in the Irish Sea may be more common than 

previously acknowledged, we considered whether some of the most commonly found 

jellyfish in the Irish Sea and co-occurring fish species and larvae have similar δ15N values 

and whether they show a similar isotopic width and complexity to co-occurring fish. 

Secondly, using a Bayesian mixing model approach, we assessed the dietary contribution 

of jellyfish to fish diets and vice versa to assess whether there is a two-way interplay in this 

specific system. Accounting for the trophic nuances of fish-jellyfish interactions on a 

localised level such as the Irish Sea is an essential step in fully understanding the processes 

contributing to healthy commercial and non-commercial fish stock success. Furthermore, 

considering the socio-economic importance of commercial fisheries worldwide (FAO, 

2018) and that over 70% of fish reported to associate with jellyfish for food and shelter 

were of commercial value (Chapter 2; Griffin et al., 2019),there is need to account for all 

factors influencing fish stock health in a holistic and balanced manner so that sustainable 

fisheries management can be achieved. 
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5.3  Methods 

5.3.1  Study site 

The Irish Sea is a semi-enclosed temperate shelf region, separating the islands of Ireland 

and Great Britain. It contains both a diverse array of both gelatinous species (Bastian et al., 

2011; Lynam et al., 2011) and fin fish species (Bentley et al., 2018) which made it an ideal 

study system to investigate fish-jellyfish trophic interactions.  

5.3.2  Sample collection 

Jellyfish bycatch samples were collected on board annual fisheries surveys carried out by 

the Agri-Food and Biosciences Institute (AFBI) in the northern Irish Sea. Methot Isaacs Kidd 

(MIK) net (Methot, 1986) surveys, carried out between May and June on board the RV 

Corystes from 2015 to 2016, were used primarily to sample larval fish but often yield large 

abundances of gelatinous zooplankton (Bastian et al., 2010, 2011). Samples of the 

following gelatinous species were collected:  Aurelia aurita, Cyanea lamarckii, Cyanea 

capillata and Bolinopsis infundibulum and Staurostoma mertensii. Adult fish samples 

(Scomber scombrus, Melanogrammus aeglefinus, Sprattus sprattus, Merlangius merlangus 

and M. merlangus larvae)  were collected during separate fisheries surveys carried out 

between July and August of 2015 and 2016 using a beam trawl, whereas fish larvae and P. 

pileus samples were collected using a Gulf VII high-speed plankton sampler (Nash and 

Dickey Collas, 1998). Individual Pleurobrachia pileus were combined into one sample to 

ensure enough dried sample was collected for SIA. All jellyfish and fish samples were 

frozen at -20oC following Hobson et al. (1997) until samples were processed further in the 

laboratory.  
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5.3.3  Sample processing for SIA 

Intact jellyfish were collected from the net and sorted into species. Medusa bell diameter 

was measured as inter-rhopalia distance (±0.5 cm) and was recorded along with whole 

specimen mass (±1.0 g). Sample specimens were thoroughly washed in filtered sea water 

to remove unwanted metabolic nitrogenous compounds following methods described in 

Mackenzie et al. (2017) after which a sample of bell-tissue was taken and frozen before 

laboratory preparation (-20oC). Once in the laboratory, samples were dried at 60oC until 

they reached a constant mass. Once dried to a constant mass, samples were homogenised 

to a fine powder using a mortar and pestle as per Doyle et al. (2007). Sub-samples of 

muscle tissue were removed, whereas whole larval fish from individual sampling efforts 

were combined to ensure enough sample for SIA was obtained. All samples were then 

dried and homogenised as described for jellyfish samples. 

5.3.4  Bulk stable isotope analysis 

After preliminary analysis to check isotopic peaks were large enough to register sufficient 

δ15N and δ13C readings, optimal sample masses were found to be 1-7mg for different 

jellyfish species. Powdered jellyfish samples were then weighed into tin capsules and 

continuous flow isotope ratio mass spectrometry (CF-IRMS) was performed using an ECS 

4010 elemental analyser (Costech, Milan, Italy) coupled to a Delta XP mass spectrometer 

(Thermo Electron, Bremen, Germany). All samples were analysed for δ13C, δ15N and C:N at 

the East Kilbride Node of the Natural Environment Research Council Life Sciences Mass 

Spectrometry Facility and at Queen Mary University of London (QML) School of Biological 

and Chemical Sciences. Drift correction using a 3-point normalization was performed using 
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three in-house standards (GEL, ALAGEL and GLYGEL) encompassing a range of isotope 

compositions, run every ten samples, and a suite of GELs of different sizes were used to 

correct samples for linearity (Werner & Brand, 2001). GEL is dried from a solution of gelatin, 

ALAGEL from an alanine-gelatine solution, and GLYGEL from a glycine-gelatine solution. 

Four differently sized USGS 40 glutamic acid standards (Qi et al., 2003; Coplen et al., 2006) 

were used as independent checks of accuracy and to acquire the calibration for N and C 

content. All data are reported with respect to the international standard of AIR for δ15N 

and V-PDB for δ13C. Results are reported in δ notation (McKinney et al., 1950). 

Experimental precision was 0.07‰ for carbon and 0.09‰ for nitrogen (standard deviation 

of laboratory standard replicates of GEL). 

5.3.5  Statistical analysis 

To examine the differences in BSIA-derived δ15N for the species groups focused on here, I 

first accounted for preservation effects on δ15N  following Fleming et al. (2011). We used 

a Kruskal-Wallis one-way analysis of variance and pairwise Nemenyi with Chi-Squared 

distribution post-hoc tests to gather information on individual pairwise comparisons. The 

trophic position of jellyfish and fish groups using BSIA data was estimated using the R 

package tRophicPosition (version 0.7.5; Quezada-Romegialli et al, (2018) which 

incorporates a Bayesian model of analysis using the equation: TPJellyfish = + (δ15NJellyfish 

– [δ15Nbaseline1 x (1 -)])/ Δ15N where  = (δ13CJelly – δ13Cbaseline2)/(δ13Cbaseline1 – δ13Cbaseline2), Δ15N 

= TDF (which in this case we used McCutchan et al. (2003) TDF value of 2.9 ‰ following 

conclusions from ‘chapter 4’),  and  = trophic level of baseline indicator following  (Zanden 

et al., 1997) (bivalve filter feeders collected from each location). More specifically, median 
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±97.5% credibility intervals for TP from bulk δ15N values using the Onebaseline model 

option were determined. 

I then estimated the contribution of gelatinous zooplankton to the assimilated diet of four 

species of adult fish and one larval fish sample using the Bayesian R package ‘Stable Isotope 

Mixing Models in R’ (Parnell, 2019) and TDFS for δ13C ( 1.3‰  ±0.3) and δ15N (2.9‰ ±0.3) 

following (McCutchan et al., 2003) and the conclusions of ‘Chapter 4’. This mixing model 

assumes that the variability associated with sources and the uncertainty associated with 

TDFs is normally distributed although this may not always be the case and that the model 

assumes that no isotopic routing occurs within the body of the consumer and that all 

isotopes are assimilated equally. 

 

5.4 Results 

5.3.1 δ15N variation between fish and jellyfish species 

Three species of scyphozoan jellyfish, two species of ctenophore, one hydrozoan and four 

species of fish (including one sample of fish larvae) sampled from the Irish Sea and revealed 

significant differences between the species groups on δ15N and δ13C, (χ2
11=247.18, 

p<0.001). Pairwise Nemenyi-tests with chi-squared distribution showed that the adult fish 

were not significazntly different and nor were the gelatinous zooplankton (Table 5.2), 

except for Aurelia aurita and Cyanea capillata which were significantly different (p<0.001). 
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Table 5.1. Sample number and mean bulk δ15N and δ13C with ± SD for the gelatinous 

zooplankton and fish species groups sampled from the Irish Sea.  

Jellyfish species n Mean δ15N ± SD Mean δ13C ± SD 

Aurelia aurita 154 8.96 1.88 -16.82 2.26 

Cyanea lamarckii 74 9.70 2.49 -17.77 2.06 

Cyanea capillata 40 11.55 1.66 -17.29 1.80 

Bolinopsis infundibulum 3 11.72 0.34 -14.33 0.91 

Staurostoma mertensii 27 10.65 1.14 -19.89 2.27 

Pleurobrachia pileus 11 10.57 2.45 -16.21 2.16 

Fish species      

Scomber scombrus 13 13.20 1.09 -20.07 0.74 

Melanogrammus aeglefinus 19 14.35 0.51 -17.759 1.62 

Merlangius merlangus 33 14.96 0.56 -17.75 0.99 

Sprattus sprattus 21 12.19 0.91 -18.10 0.90 

Merlangus merlangus larvae 4 11.70 0.28 -21.14 0.20 

 

Generally, the scyphozoan jellyfish showed a wider δ15N isotopic range than the other 

gelatinous zooplankton and fish species considered (Fig. 5.2). Cyanea capillata was 

significantly different from M. merlangus while Cyanea lamarckii was similar to all the 

other gelatinous zooplankton and only S. sprattus of the fish considered here. The 

ctenophores Pleurobrachia pileus and Bolinopsis infundulum were not significantly 

different from the fish or larvae in δ15N (Table 5.2) yet Staurostoma mertensii tended to 

differ from M. aeglefinus (p=0.044) and M. merlangus (p<0.005) but not from M. 

merlangus larvae (p>0.05). 
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Figure 5.2. Mean δ15N of the fish and jellyfish species sampled in the Irish Sea. 
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5.4.2 Irish Sea fish and jellyfish trophic position estimates 

The ‘Onebaseline’ Bayesian multi-species TP model returned posterior estimates of 

median(95% credibility intervals) TP for each species group (Fig. 5.4, Table 5.3). Gelatinous 

zooplankton show considerable isotopic overlap with eachother and Sprattus sprattus 

while Scomber scombrus, Merlangius merlangus  and Merlanogrammus aeglefinus 

samples have higher δ15N values. Merlangius merlangus larve occupy a similar isotopic 

space with other gelatinous zooplankton in regards to δ15N but have a lower mean δ13C.  

Median TP of the gelatinous zooplankton varied from 2.022 (2.001-2.105 95% CIs) for A. 

aurita to 2.686 (2.258-3.392 95% CIs) for the ctenophore B. infundulum. Median TP of the 

fish group varied from 2.815 (2.641-3.003 95% CIs) for S. sprattus to 3.448 (3.285-3.632) 

for M. aeglefinus. Larval whiting was 2.674 (2.451-2.919 95% CIs). 

Finally, we statistically compared the posterior sample distributions of TP between species 

groups using pairwise comparisons (Table 5.4). A. aurita had an equal or lower TP than all 

of the other jellyfish and fish groups (Table 5.4). Similarly, C. lamarckii displayed an equal 

or lower TP than all the other species groups apart from the A. aurita and the ctenophore 

B. infundulum which had higher median TPs than C. lamarckii (p>0.05 & p>0.05 

respectively). C. capillata had a higher TP than all other gelatinous zooplankton. Scomber 

scombrus, M. aeglefinus, S. sprattus, M. merlangus and M. merlangus larvae revealed 

higher TP estimates than all of the gelatinous zooplankton species. However, while M. 

merlangus larvae also had a higher TP than the gelatinous species, they also had a higher 

TP than S. sprattus (p>0.05) yet a lower TP than all the other fish species. 
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Table 5.2. δ15N pairwise comparisons using Nemenyi-test with Chi-squared approximation for independent samples for all the species in 

this study including three scyphozoan jellyfish, two ctenophore species, one hydrozoan and 4 adult and one larval fish species.  * denotes 

a significant difference between groups whereas ** denotes a marginal significant difference between groups. 

 

Melanogrammus 
aeglefinus  

Scomber 
scombrus 

Aurelia 
aurita 

Bolinopsis 
infundulum 

Cyanea 
capillata 

Cyanea 
lamarckii 

Pleurobrachia 
pileus 

Sprattus 
sprattus 

Staurostoma 
mertensii 

Merlangius 
merlangus  

S. scombrus P>0.05          

A. aurita P<0.001* P>0.05         

B. infundulum P>0.05 P>0.05 P>0.05        

C. capillata P>0.05 P>0.05 P<0.001* P>0.05       

C. lamarckii P<0.001* p=0.0466** P>0.05 P>0.05 P>0.05      

P. pileus P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05     

S. sprattus P>0.05 P>0.05 P<0.001* P>0.05 P>0.05 P>0.05 P>0.05    

S. mertensii p=0.0442** P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05   

M. merlangus P>0.05 P>0.05 P<0.001* P>0.05 p=0.0443** P<0.001* P>0.05 P>0.05 P<0.001*  
M. merlangius 
larvae P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 
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Figure 5.3. Mean δ15N and δ13C with ± SD for gelatinous zooplankton (scyphozoan, ctenophores and hydrozoan)   and fish (Sprattus sprattus 

while Scomber scombrus, Merlangius merlangus  and Merlanogrammus aeglefinus) sampled from the Irish Sea.  
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Figure 5.4. Posterior estimates (median and 95% credibility intervals) of trophic position for jellyfish and fish sampled in the Irish Sea. 
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Table 5.3. Numerical summary of posterior estimates (median and 95% credibility intervals) of trophic position for jellyfish and fish sampled in 

the Irish Sea. 

 

Aurelia 
aurita 

Cyanea 
lamarckii 

Cyanea 
capillata 

Bolinopsis 
infundulum 

Pleurobrachia 
pileus 

Staurostoma 
mertensii 

Scomber 
scombrus 

Melanogrammus 
aeglefinus 

Sprattus 
sprattus 

Merlangius 
merlangus 

M. merlangus 
larvae 

2.5% 2.001 2.007 2.437 2.258 2.038 2.19 2.881 3.285 2.641 3.467 2.451 

50% 2.022 2.109 2.626 2.686 2.369 2.366 3.117 3.448 2.815 3.637 2.674 

97.5% 2.105 2.298 2.83 3.392 2.876 2.542 3.371 3.632 3.003 3.812 2.919 

 

Table 5.4. Comparison of posterior estimates of TP across species. Probabilities that consumers in row 1 have posterior TP estimates less than 

or equal to consumers in column 1. * denotes a significant difference between groups whereas ** denotes a marginal significant difference 

between groups. 

Row 1 
Column 1 

Aurelia 
aurita 

Cyanea 
lamarckii 

Cyanea 
capillata 

Bolinopsis 
infundulum 

Pleurobrachia 
pileus 

Staurostoma 
mertensii 

Scomber 
scombrus 

Melanogrammus 
aeglefinus 

Sprattus 
sprattus 

Merlangius 
merlangus 

M. merlangus 
larvae 

A. aurita - P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 

C. lamarckii P>0.05 - P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 

C. capillata 0.0* 0.0* - P>0.05 P>0.05 0.027* P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 

B. infundulum 0.002* 0.012* P>0.05 - P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 

P. pileus 0.021* P>0.05 P>0.05 P>0.05 - P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 

S. mertensii 0.0* 0.022* P>0.05 P>0.05 P>0.05 - P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 

S. scombrus 0.0* 0.0* 0.001* P>0.05 0.006* 0.0* - P>0.05 0.025* P>0.05 0.011* 

M. aeglefinus 0.0* 0.0* 0.0* 0.022* 0.0* 0.0* 0.016* - 0.0* P>0.05 0.001* 

S. sprattus 0.0* 0.0* P>0.05 P>0.05 0.049** 0.0* P>0.05 P>0.05 - P>0.05 P>0.05 

M.merlangus 0.0* 0.0* 0.0* 0.016* 0.0* 0.0* 0.001* P>0.05 0.0* - 0.0* 
M. merlangus 
larvae 0.0* 0.003* P>0.05 P>0.05 P>0.05 0.019* P>0.05 P>0.05 P>0.05 P>0.05 - 
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5.4.3 Jellyfish contributions to fish diet 

Our results showed that C. capillata accounted for nearly half (0.46) and over one third 

(0.361) of M. merlangus and M. aeglefinus diets respectively (Table 5.5, Fig. 5.5). Similarly, 

the hydrozoan S. mertensii also contributed considerably to the diets of these two fish 

species (0.294 & 0.233), while the two ctenophore species represented relatively small 

proportions of fish diet for all the species considered. Mesoplankton contributeed 

considerably to the diets of S. sprattus, S. scombrus and M. merlangus larvae (0.244, 0.457 

and 0.273 respectively) as does microplankton to M. merlangus only (0.265).    
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Table 5.5. Estimated mean (95% credibility limits) proportional diet of gelatinous zooplankton contributed to by commercial fish species 

in the Irish Sea. 

Prey item 
Consumer 

Aurelia 
aurita 

Cyanea 
lamarckii 

Cyanea 
capillata 

Bolinopsis 
infundulum 

Pleurobrachia 
pileus 

Staurostoma 
mertensii 

Meso-
plankton 

Micro-
plankton 

M. merlangius 
larvae 

0.038  
(0.009-
0.327) 

0.088 
(0.009- 
0.308) 

0.066 
(0.008- 
0.221) 

0.057 
(0.008- 
0.186) 

0.070  
(0.008- 
0.239) 

0.089 
(0.009- 
0.298) 

0.273 
(0.016- 
0.708) 

0.265 
(0.018- 
0.581) 

Melanogrammus 
aeglefinus 

0.032  
(0.005-
0.092) 

0.043 
(0.005- 
0.134) 

0.361 
(0.029- 
0.630) 

0.095 
(0.009- 
0.307) 

0.054 
(0.006- 
0.175) 

0.294 
(0.019- 
0.681) 

0.085 
(0.008- 
0.252) 

0.037 
(0.006- 
0.118) 

Merlangius 
merlangus 

0.023  
(0.004-
0.067) 

0.033 
(0.004- 
0.105) 

0.464 
(0.136- 
0.692) 

0.051 
(0.006- 
0.178) 

0.037 
(0.005- 
0.117) 

0.233 
(0.019- 
0.509) 

0.129 
(0.014- 
0.270) 

0.030 
(0.005- 
0.084) 

Scomber 
 scombrus 

0.048  
(0.007-
0.145) 

0.066 
(0.008- 
0.202) 

0.083 
(0.009- 
0.246) 

0.052 
(0.007- 
0.148) 

0.057 
(0.007- 
0.177) 

0.160 
(0.013- 
0.455) 

0.457 
(0.195- 
0.635) 

0.077 
(0.009- 
0.224) 

Sprattus  
sprattus 

0.208  
(0.032-
0.404) 

0.152 
(0.017-
0.370) 

0.062 
(0.009-
0.174) 

0.052 
(0.008- 
0.147) 

0.082 
(0.011- 
0.236) 

0.098 
(0.012- 
0.278) 

0.224 
(0.064- 
0.369) 

0.122 
(0.019-
0.247) 
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Figure 5.5  Estimated (95% credibility limits) proportional diet consumption including gelatinous zooplankton by commercial fish species 

in the Irish Sea; (a)Merlangius merlangus, (b) Sprattus sprattus, (c) Melanogrammus aeglefinus, (d) Merlnagius merlangus larvae, (e) 

Scomber scombrus commercial fish species in the Irish Sea. 
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5.4.4 Fish contribution to jellyfish diet 

The 95% credibility limits for the proportional fish diets of gelatinous zooplankton 

were(Table 5.6, Fig. 5.7), however, the data indicated that S. sprattus contributed 

considerably to the diets of the three scyphozoan jellyfish A. aurita, C. lamarckii and C. 

capillata (0.404, 0.337, 0.448 respectively). Aside from S. sprattus, the other fish M. 

merlangus, M. aeglefinus and S. scombrus contributed relatively smaller but not 

inconsiderable proportions 10-15% (0.118-0.144) to the diets of gelatinous zooplankton in 

the Irish Sea. Microplankton was prominent in all the gelatinous zooplankton diet 

estimates ranging from 0.169 for P. pileus to over three quarters for S. mertensii (0.755). 

Mesoplankton contributed less to the diets of gelatinous zooplankton species ranging from 

<1% for A. aurita to 10% for S. mertensii. Similarly, M. merlangus larvae contributed a 

similarly small proportion to the diet of gelatinous zooplankton but was most prominent 

in the diet of B. infundulum representing over 12% of its assimilated diet. 
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Table 5.6. Estimated mean (95% credibility limits) proportional diet consumption of commercial fish species by gelatinous zooplankton in 

the Irish Sea. 

Prey item 
Consumer 

Scomber 
scombrus 

Sprattus 
sprattus 

Merlangius 
merlangus 

M_merlangius 
larvae 

Melanogrammus 
aeglefinus 

Meso-
plankton 

Micro- 
plankton 

Aurelia  
aurita 

0.013 
(0.001-
0.052) 

0.404 
(0.002-
0.874) 

0.012  
(0.001-
0.045) 

0.014 
 (0.001- 
0.049) 

0.014  
(0.001- 
0.054) 

0.017 
(0.001-
0.064) 

0.527 
(0.029-
0.979) 

Bolinopsis 
infundulum 

0.118 
(0.011-
0.431) 

0.144 
(0.012-
0.536) 

0.118  
(0.010-
0.427) 

0.122  
(0.011- 
0.430) 

0.128  
(0.011- 
0.484) 

0.145 
(0.011-
0.546) 

0.224 
(0.016-
0.702) 

Cyanea  
capillata 

0.043 
(0.005-
0.137) 

0.337 
(0.020-
0.723) 

0.039  
(0.005-
0.125) 

0.042  
(0.006- 
0.129) 

0.046 
 (0.006- 
0.145) 

0.047 
(0.006-
0.147) 

0.446 
(0.065-
0.770) 

Cyanea  
lamarckii 

0.035 
(0.004-
0.109) 

0.506 
(0.304-
0.665) 

0.033  
(0.004-
0.100) 

0.034  
(0.005- 
0.107) 

0.040  
(0.005- 
0.135) 

0.037 
(0.005-
0.121) 

0.316 
(0.147-
0.462) 

Pleurobrachia  
pileus 

0.124 
(0.011-
0.452) 

0.256 
(0.017-
0.749) 

0.121  
(0.009-
0.459) 

0.095  
(0.010- 
0.332) 

0.142 
 (0.011- 
0.536) 

0.093 
(0.010-
0.348) 

0.169 
(0.012-
0.640) 

Staurostoma 
mertensii 

0.025 
(0.003-
0.007) 

0.035 
(0.004-
0.117) 

0.022  
(0.003-
0.064) 

0.036  
(0.004- 
0.119) 

0.023 
 (0.003- 
0.071) 

0.105 
(0.006-
0.352) 

0.755 
(0.456-
0.908) 
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Figure 5.7 Estimated (95% credibility limits) proportional diet consumption including commercial fish species by gelatinous zooplankton 

in the Irish Sea; (a) Aurelia aurita, (b) Pleurobrachia pileus, (c) Cyanea lamarckii, (d) Cyanea capillata, (e) Bolinopsis infundulum and (e) 

Staurostoma mertensii.
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5.5  Discussion 

Although described as “arguably the most important predators in the sea” (Pauly et al., 

2009), efforts to include jellyfish in ecosystem models have been hindered by a lack of 

empirical dietary information from the field (Hansson & Norrman, 1995; Lynam et al., 

2006; Ruzicka et al., 2007; Condon & Steinberg, 2008; Condon et al., 2011). Our findings 

represent one small step in addressing this gap in the data. We found evidence for a 

complex food web in the Irish Sea suggesting the ‘jellyfish paradox’ holds true for this 

system with fish feeding on gelatinous zooplankton and vice versa. 

5.5.1 δ15N variation between fish and jellyfish species 

Unsurprisingly, the gelatinous zooplankton and fish species were significantly different in 

their δ15N values, driven primarily by individual differences between these two taxa but 

interestingly Aurelia aurita and Cyanea capillata were also significantly different in δ15N 

values. C. capillata can feed higher up the food web than other gelatinous zooplankton 

(Javidpour et al., 2016) and this species feeds on A. aurita is well documented 

(Martinussen & Båmstedt, 1995; Hansson, 1997; Titelman et al., 2007). C. capillata are 

able to feed at a higher trophic level akin to fishes using their well-developed stinging cells 

to capture larger prey items (Titelman et al., 2007). 

We also found that the scyphozoan jellyfish had a broader isotopic niche (i.e. δ15N) even 

when compared to other ctenophore and hydrozoan gelatinous zooplankton considered 

here as well as fish. This broadly supports Fleming et al. (2013) who found that for the 

same scyphozoan jellyfish species sampled from Strangford Lough, Northern Ireland (A. 

aurita, C. lamarckii and C. capillata), were far more isotopically variable than the sympatric 
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fish community, occupying an isotopic niche area almost double that of 28 sympatric 

species of fish. However, further investigation should be carried out to determine whether 

size is a contributing factor to bredth of scyphozoan trophic niches (utilising the refined 

TDF from Chapter 3). This approach could provide modellers with means to more 

accurately incorporate gelatinous zooplankton into ecosystem and food web models in a 

similar manner to fishes whereby the larger the individual, the higher the δ15N or TP 

(Jennings et al., 2002a,b). 

5.5.2 Irish Sea fish and jellyfish trophic position estimates 

A. aurita had the lowest TP (2.1) estimate of the gelatinous zooplankton while the 

ctenophore B. infundulum had the highest TP estimate (3.4); this was similar to that of the 

sympatric fishes. Much research has focused on the invasive ctenophore Mnemiopsis leidyi 

due to its large predatory impact on ecosystems and ultimately commercial fisheries first 

highlighted after its introduction to the Black Sea in the 1980s (Shiganova, 1998). The 

native ctenophore B. infundulum is unlikely to have such negative impacts in the Irish Sea, 

yet our results showed that B. infundulum feeds at a trophic level similar to that of fish and 

above that of other gelatinous zooplankton. This finding highlights the trophic relevance 

of ctenophores as well as scyphozoans in Irish Sea food webs and demonstrates why such 

species should be given due consideration in the same terms as scyphozoans in ecosystem, 

food web and fisheries models.  

5.5.3 Are fish eating jellyfish? 

Robison (2004) proposed the existence of the ‘jellyweb’ with two potentially separate food 

webs, whereby gelatinous zooplankton occupy an equally complex trophic space, largely 
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separate to but operating alongside fish. While δ15N gives a good indication of trophic 

complexity, mixing models of proportional contributions to gelatinous zooplankton and 

fish diets here allowed investigation of the existence of a ‘jellyweb’ in the Irish. C. capillata 

and S. mertensii accounted for a considerable proportion (46% and 36%) of M. merlangus 

and M. aeglefinus diet. To our knowledge this is the first time TP for the hydrozoan S. 

mertensii (2.5) has been idenitified in fish diets despite being  relatively common in the 

Irish Sea, North Sea and N.W Atlantic (Halsband et al., 2018; Record et al., 2018). Using 

molecular gut contents analysis, Lamb et al. (2017, 2019) found that M. merlangus feed 

on jellyfish prey more often than previously acknowledged in the Irish Sea. In contrast to 

this study, M. aeglefinus was not identified as feeding on jellyfish in either of the molecular 

studies carried out by Lamb et al. (2017, 2019), which suggests a multidisciplinary 

approach may be best to resolve complicated trophic interactions such as gelatinous 

zooplankton consumption by fish. In part, SIA may help overcome some caveats associated 

with traditional and molecular gut content analysis owing to fast deterioration of 

gelatinous prey items in the gut of consumers (Båmstedt & Martinussen, 2000; Ishii & 

Tanaka, 2001; Pitt et al., 2009). Interestingly, M. merlangus and M. aeglefinus are both 

known to associate with jellyfish as juveniles (O’Connor & McGrath, 1978; Purcell & Arai, 

2001; 'Chapter 2': Griffin et al., 2019) which demonstrates the complexity of fish-jellyfish 

interactions and the benefits jellyfish can have on fish by helping to increase not only 

juvenile but also adult fish survival and recruitment.  

5.5.4 Are jellyfish eating fish? 

Our results suggest Sprattus sprattus is an important contributor to the diet of the three 

scyphozoans (A. aurita, C. lamarckii and C. capillata), but less so for the other gelatinous 
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zooplankton considered. S. sprattus are small clupeoid fish which grow to a maximum of 

16cm but the typically 8-12cm in length (Froese & Pauly, 2018) whereas A. aurita and 

C.capillata can grow much larger (Weisse et al., 2000). The fact that gelatinous 

zooplankton, especially medusae and siphonophores, eat fish has been known for many 

years however the records reviewed by Arai (1988) and subsequently by Purcell & Arai, 

(2001) focused on larval fish whereas our results suggest that this predator-prey 

relationship may occur across a greater range of fish developmental stages and pesist  into 

adulthood. We found that larval M. merlangus contributed relatively low (1-4%) 

proportions to the assimilated diets of all the gelatinous zooplankton apart from the two 

ctenophore species where it contributed more than twice that to their assimilated diets 

(9-12%). Considering the ability of other ctenophore species to substantially influence fish 

larvae and egg numbers in discrete areas where there is sufficient temporal and spatial 

overlap (Shiganova, 1998; Cao et al., 2015; Gibbons et al., 2016), further research exploring 

the dietary contributions of larvae from other fish species to the diets of gelatinous 

zooplankton is recommended. 

5.5.5 Conclusions 

Increasing awareness of the trophic and functional complexity of gelatinous zooplankton 

(Cardona et al., 2012; Doyle et al., 2014; Jaspers et al., 2014; Nakamura et al., 2015; Hays 

et al., 2018) indicates greater knowledge of specific fish-jellyfish interactions is desirable. 

Here we make some comment on the two-way interactions where fish were predators of 

jellyfish  and  vice versa. We provide evidence of trophic interactions involving ctenophores 

and hydrozoans which equally should be addressed in ecosystem models in the same way 

many studies have aimed to incorporate scyphozoan jellyfish. Gelatinous zooplankton 
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food webs, or ‘jellywebs’ are intertwined and synonymous with that of fish, maintained 

via a two-way street of fish-jellyfish interaction involving the predation of gelatinous 

zooplankton by fish and the predation of fish by gelatinous zooplankton. Both these fish-

jellyfish interactions have the potential to impact on the success of commercial fish stocks 

in the Irish Sea. Increasingly, the basis on which we manage fisheries and strive for 

sustainability is reliant on ecosystem and fisheries models underpinned by accurate and 

comprehensive data. Including fish-jellyfish interactions into these models will ultimately 

result in better model outputs which will better inform fisheries management measures.   
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Chapter 6 - General discussion 
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6.1  Synthesis of main findings 

As ecologists discover more about the true role of gelatinous zooplankton in marine 

systems, a more balanced view of such species appears to be emerging (Hamilton, 2016; 

Hays et al., 2018). This does not mean that detrimental impacts were over-exaggerated, 

simply that they were only part of the story and often amplified by human degradation of 

the systems themselves (e.g. overfishing or eutrophication). This thesis aligns with this 

new philosophy within the context of jellyfish-fish interaction. From the four ‘experimental’ 

chapters, six salient points emerge: (i) fish-jellyfish associations are long standing and 

potentially predate the evolution of benthic, benthopelagic or reef-associating lifestyles; 

(ii) the majority of reported fish-jellyfish associations involve commercial fish species; (iii) 

inter-tissue and inter-specific δ15N variation among jellyfish could mask selective feeding 

by predators; (iv) further investigation is needed to determine whether size scaled δ15N in 

jellyfish provides a means to conduct size-based analysis akin to that routinely carried out 

on fish; (v) jellyfish specific TDF estimates opens the door for their effective inclusion in 

ecosystem and fisheries-based models in the future; (vi) jellyfish are predators of, and prey 

for, commercial fish in the Irish Sea. Here we discuss each key finding in relation to its 

wider significance for jellyfish ecology including suggested avenues for future research. 

6.1.1  Evolution of jellyfish-fish associations 

Chapter 2 suggested that fish association with jellyfish is more likely to be one evolutionary 

driver of adapting to a demersal lifestyle, rather than its evolutionary consequence. 

Considering the high level of predation pressure juvenile fish experience (Stewart & Jones, 

2001; Almany et al., 2006),  in an otherwise barren environment, jellyfish offer structurally 
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complex habitat which may aidincreased juvenile survival through increased shelter 

availability and decreased predator efficiency (Tupper & Boutilier, 1995b). However, 

through ontogeny and growth in size, the protection from predators may become less 

effective driving a shift towards demersal habitats. For example, Brodeur (1998) suggested 

that juvenile pollock were symbiotic with jellyfish until they reached a size at which they 

can escape most gape-limited predators. However, our findings also suggested that it is 

more likely that the association with jellyfish evolves in pelagic species prior to the 

evolution of a demersal lifestyle. Additional work is needed to explore other evolutionary 

drivers which have promoted the evolutionary origin of jellyfish association with pelagic 

fishes which have additional mechanisms to gain protection for predators such as 

schooling behaviour (Leis, 2010). Building on the methods presented in ‘Chapter 4’, future 

research could tease out the different habitats in the demersal type grouping we 

investigated here. While grouping these fish was necessary to present robust statistical 

analysis here, with more phylogenetic information on a greater range of species, this may 

soon be possible.  

6.1.2  Majority of fish-jellyfish associations involve commercial fish species 

An increasing number of taxa, including fish species, are reported as feeding on jellyfish, 

contributing to new perception and paradigm shift in how scientists view jellyfish (Hays et 

al., 2018). However, the number of fish species recorded as being involved in fish-jellyfish 

associations has also steadily increased since the first comprehensive review by Mansueti 

(1963). This research demonstrates th potential increase in fish stock recruitment gained 

through fish-jellyfish association is not insignificant considering recruitment is critical in 

establishing adult population levels (Fogarty et al., 1991). This point is particularly relevant 
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given that 72% of fish species reported as exhibiting jellyfish associative behaviour in this 

study were of commercial importance. Considering that an estimated 33.1% of fish stocks 

globally are currently overfished and 1/3 of the world’s human population rely on fish for 

sustenance (FAO, 2018), marine scientists have a responsibility to account for all factors 

influencing fish stock health in a holistic and balanced manner. Furthermore, the scale of 

potential habitat offered by large blooms of jellies around the world to large numbers of 

young and vulnerable pelagic and demersal fish not yet settled in the seabed is enormous 

(Purcell, 2005; Brotz et al., 2012; Bastian et al., 2014). Even if only availed of 

opportunistically, the impacts on juvenile fish survival by associating with jellyfish could be 

considerable. For example, Mansueti (1963) reported that up to 100 juvenile Atlantic horse 

mackerel (Trachurus trachurus) were found sheltered under one jellyfish while 427 

juvenile shrimp scad (Alepes djedaba) were observed under four edible jellyfish 

(Rhopilema hispidum) in the Indian ocean (Panikkar & Prasad, 1952). Hays et al. (2018) also 

highlighted how jellyfish as a form of habitat and food for marine taxa may be particularly 

important given that jellyfish compose a large fraction of the pelagic biomass and, in some 

regions, have oscillated or increased significantly in their abundance (Condon et al., 2013; 

Duarte et al., 2013).  Taken together there is now evidence that the co-occurrence of 

jellyfish in juvenile fish nursery grounds has the potential to support rather than detract 

from the productivity of commercial fisheries. Indeed, Riascos et al. (2018) stated that 

jellyfish represent an “economically defendable resource” and argued that scyphozoan 

jellyfish may be viewed as floating nurseries for juvenile fish.  Accounting for interactions 

which are potentially beneficial for fish stocks will have far reaching implications for 

fisheries management, both in theory and practice. With ecosystem-based approaches 
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becoming increasingly recognised as the best way to achieve healthy and susatianble 

fisheries, it would be informative for fisheries scientists to include jellyfish in regular 

monitoring regimes, in much the same way they do so for fish. This information can then 

be used to feed into food web, ecosystem and fisheries modelling in the future. Ultimately, 

building a more complete picture of how fish are affected by jellyfish at a regional or seas 

level will help improve the status of commercial fish stocks in those areas. 

Targeted research is needed to expand knowledge on the extent and diversity of fish 

species involved in jellyfish associations. Often, fisheries research centres upon the data 

gathered from fish caught in a net (Cadrin et al., 2013). Whilst these are critical for 

assessing fish stock status, by the undiscerning nature of net sampling, it is impossible to 

determine fish-jellyfish association when fish and jellyfish are hauled up together. A 

different approach is needed to identify the true extent of fish species which exhibit this 

behaviour. The use of high-definition cameras in the marine environment has already 

aided our understanding of how ocean sunfish (Mola mola) selectively feed on jellyfish 

(Nakamura et al., 2015) and similar technology employed strategically on fishing nets or 

other scientific equipment deployed in the marine environment (e.g. CTD profilers, BRUVs, 

sampling buoys) may garner equal success in exploring the true extent of this behaviour in 

marine coastal systems.  

6.1.3  Inter-tissue and inter-specific δ15N variation among jellyfish could mask selective 

feeding by predators 

Jellyfish are a biologically and physiologically diverse group which include micro through 

to macro-zooplankton species weighing >200kg (e.g. Nemopilmea nomurai). It is difficult 
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to incorporate jellyfish into ecosystem, fisheries and food web studies (Pauly et al., 2009; 

Brodeur et al., 2016) because a single functional group often fails to represent the true 

role of different species of jellyfish in marine systems. However, we found for the 

scyphozoan jellyfish looked at in this study, gonad and bell tissue, which constitutes most 

of the wet and dry mass of the species considered here (Doyle et al., 2007; D’Ambra et al., 

2013), had similar δ15N values when considered as individual species or collectively. It is 

therefore encouraging that this method is often the standard procedure in many jellyfish 

SIA studies (D’Ambra et al., 2014; Fleming et al., 2015; Nagata et al., 2015; Javidpour et al., 

2016). However, we also found that oral arm δ15N was significantly higher than other 

tissues in Cyanea capillata and when all species were combined. This demonstrates the 

complexity of jellyfish SIA and the potential pitfalls when trying to collect data which would 

help assign appropriate functional groups for inclusion in future ecosystem, fisheries or 

food web models. Whilst accounting for jellyfish δ15N by grouping species together may 

be appropriate (or pragmatically the only option available) in some instances, failing to be 

aware of inter-tissue isotopic patterns could result in the masking of important jellyfish 

trophic information and energy pathways. Considering that many predators feed 

selectively on different jellyfish tissues (e.g. Mansueti, 1963; Milisenda et al., 2014; 

Nakamura et al., 2015), the result of neglecting inter-tissue isotopic variation could hinder 

rather than help to improve our broader understanding of the true tole of jellyfish in 

ecosystems. An investigation into inter-tissue isotopic variation in a greater range of 

scyphozoan and non-scyphozoan jellyfish species could better inform how effective 

functional groups could be assigned for jellyfish within, and between, species or based on 

alternative morphological features such as size or feeding strategy. 
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6.1.4  Size-scaled δ15N in jellyfish  

More research is needed to conclusively state δ15N is influenced by jellyfish size, whereby 

larger jellyfish have higher δ15N values, reflecting higher trophic position in food webs. 

However, in the future it may prove a useful tool in accounting for the nuances of jellyfish 

trophic ecology. Body size is an easily obtained metric in marine studies which has 

profound consequences for the function of organisms and underpins their inherent 

physiology, metabolism and ecology (Woodward et al., 2005). Furthermore, growing 

evidence shows that food webs in marine systems are strongly size structured (Reide et 

al., 2010) and advances in statistical modelling have helped to capture this complexity for 

effective inclusion into ecosystem/fisheries and food web models (Jennings et al., 2002a; 

Jennings et al., 2002b; Cohen et al., 2003). These approaches use abundance-body mass 

relationships, where it is assumed that total biomass decreases in progressively heavier 

body-mass classes because there is inefficient energy transfer from prey to predators (Kerr 

1974; Dickie et al., 1987; Boudreau et al., 1991). The benefit of such approaches would be 

that they could be applied applied to jellyfish in much the same way as fish diversity is 

assessed and grouped for ecosystem, fisheries and food web models currently. To our 

knowledge, such efforts have not been directed towards gelatinous zooplankton despite 

the diversity of the group (i.e. >1200 species) and their ubiquity in marine systems 

(Haddock, 2004; Jennings & Blanchard, 2004; Richardson et al., 2009). The broader 

relevance here is that size-based models may provide a much-needed mechanism 

whereby seemingly competitive jellyfish and fish species can be considered concurrently 

whilst also conserving important information on trophic diversity. Seeing that gelatinous 

zooplankton pre-date the fishes and have co-existed since the Cambrian period (Boero et 
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al., 2008; Dunn et al., 2008), it is unsurprising that jellyfish have evolved a range of 

beneficial attributes enabling them to exploit resources through a range of different 

feeding strategies, resulting in a trophic range equal to, or greater than, some fish (Riisgård 

& Larsen, 2010).  

6.1.5 Jellyfish specific TDF estimates open the door for their effective inclusion in 

ecosystem and fisheries-based models in the future 

Reliable trophic enrichment factors (the ratio at which a consumer is enriched in certain 

element isotopes compared to its food) are vital for trophic studies in order to determine 

trophic position (Vander Zanden & Rasmussen, 2001; Post, 2002; Bastos et al., 2017). 

However, currently there is no consensus as to whether standard TDF values are 

appropriate for jellyfish, which differ remarkably in morphology from other taxa for which 

the standard TDF values were generated  (Fleming et al., 2011; D’Ambra et al., 2013). 

While median jellyfish TP varied considerably for both methods looked at here, estimates 

based on a bulk TDF of 2.9‰ and an amino-acid TDF of 7.6‰, as suggested by McCutchan 

et al. (2003) and Chikaraishi et al. (2009) respectively, overlapped for all comparisons 

indicating that these TDF values may be appropriately representative of the jellyfish. 

However, the advantage of this using this twin BSIA and CSIA method to determine 

appropriate TDFs, is that it can be easily repeated so that a greater range of species or 

geographical specific TDF variability for example, can be accounted for, resulting in more 

robust modelling and conclusions. Considering ecological modelling provides the best 

option to understand the role of jellyfish in large fisheries-based ecosystems, and is 

consistent with ecosystem based management practices (Pauly et al., 2009), jellyfish 
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specific TDFs will open the door for their effective inclusion in the future, as well as being 

able to be applied retrospectively to SIA datasets around the world. 

6.1.6 Two-way trophic interactions with fishes 

This study adds to the evidence that jellyfish have paradoxical (i.e both negative and 

positive) effects on fish communities.  Due to the historically high level of fishing in the 

Irish Sea, catch-quotas and net mesh size regulations were brought in during the 1970s to 

halt the decline of commercial species in the Irish Sea (Briggs, 1987). Currently catch 

quotas are updated on an annual basis to help regulate fish stock to try and maintain 

sustainability (Roughgarden, 1996). However, the main challenge for researchers is to 

quantify the relative importance of these effects and to understand the consequences of 

these contrary interactions on fish communities when they co-occur. Fisheries scientists 

and modellers need detailed information on a range of different variables which are likely 

to be context dependent (i.e. it varies spatially, temporally and depending on community 

species composition), including the trophic position and dietary contributions of 

gelatinous zooplankton to commercial fish and vice versa. Building on our findings that fish 

are prey for and predators of gelatinous zooplankton in the Irish Sea, future research 

should investigate a broader range of species and how competing fish-jellyfish interactions 

and the jellyfish paradox develops and changes temporally.  

 

6.2  Concluding comment on the jellyfish paradox 

As pressure on fin-fish stocks continues to mount year on year (FAO, 2018), it is important 

to consider all potential impacts jellyfish have on fish communities, including both negative 
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(competition, predation) and positive (prey and commensalism) (Fig. 6.2). Further 

understanding of the net impact of fish-jellyfish interactions over spatial and temporal 

scales, i.e. the jellyfish paradox, are also essential to fully account for the true role of 

jellyfish in our oceans. 

As fisheries advice and management moves towards a more integrated ecosystem 

approach, the need for improved knowledge of trophic interactions between key species 

is required (Fig. 6.2). Recent work in the Irish Sea has increased our awareness of the 

ecological role jellyfish play in ecosystems (Lamb et al., 2017, 2019) and Pauly et al. (2009) 

stressed that gelatinous taxa require more robust inclusion in marine fisheries and 

ecosystem models. Taken together, the key findings of this thesis go some way in 

addressing these issues and are targeted at fisheries, marine ecosystem scientists and, 

ultimately, policy makers. However, ecological-modelling and fisheries management 

communities cannot be expected to consider gelatinous zooplankton in adequate detail if 

the required data are not provided by other researchers (Doyle et al., 2014) and this thesis 

is just one step towards addressing that data and knowledge deficit.  While it is clear that 

jellyfish should not be considered as a single functional group or an ‘average’ group of 

animals feeding on the same prey throughout their life history  (Boero et al., 2008; Pauly 

et al., 2009), future research should focus on  providing useful information on the effect 

of jellyfish on fish communities. The complex and nuanced aspects of jellyfish ecology and 

biology should be given due consideration considering Pauly et al. (2009) described 

jellyfish ‘as arguably the most important predators in the sea’. Pauly et al. (2009) added 

that a description of jellyfish with a set of appropriate functional groups will certainly help 

in better understanding their role in food webs and their effects on ecosystems; making it 
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possible to integrate jellyfish, in spite of their strange biology, into the mainstream of 

marine biology and fisheries in the future. It is hoped that the current thesis makes a 

meaningful contribution in this regard. 
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Appendix II 
Phylogenetic comparative dataset showing whether each species displays jellyfish association 

behaviour, and whether each fish is a demersal type (benthic, benthopelagic or reef-associated) 

or fully pelagic living. This data set was used to carry out the ancestral state reconstruction and 

the correlated evolution analyses in ‘Chapter 2: Unravelling the macro-evolutionary ecology of 

fish-jellyfish associations: life in the ‘gingerbread house’’.  

Species name 
Association 

(1=associating, 0= non-
associating) 

Habitat 
(1=demersal type, 0=fully 

pelagic) 

Acanthopagrus_australis 1 1 

Alepes_djedaba 1 1 

Alepes_kleinii 0 1 

Aluterus_monoceros 1 1 

Aluterus_scriptus 0 1 

Anoplopoma_fimbria 0 1 

Atule_mate 1 1 

Auxis_rochei_rochei 0 0 

Auxis_thazard_thazard 0 0 

Balistes_capriscus 0 1 

Balistes_polylepis 0 1 

Boops_boops 0 1 

Brosme_brosme 1 1 

Canthidermis_maculata 0 1 

Carangoides_bartholomaei 1 1 

Carangoides_equula 1 1 

Carangoides_malabaricus 1 1 

Caranx_caballus 0 0 

Caranx_caninus 0 0 

Caranx_crysos 1 1 

Caranx_hippos 1 1 

Caranx_melampygus 1 1 

Centrolophus_niger 1 0 

Chaetodipterus_faber 1 1 

Chloroscombrus_chrysurus 1 0 

Ciliata_mustela 0 1 

Ciliata_septentrionalis 0 1 

Cubiceps_gracilis 1 0 

Decapterus_kurroides 0 1 

Decapterus_maruadsi 1 1 

Diplodus_puntazzo 0 1 

Epinephelus_areolatus 0 1 
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Euthynnus_affinis 0 0 

Gadus_macrocephalus 1 1 

Gadus_morhua 1 1 

Gadus_ogac 0 1 

Gaidropsarus_mediterraneus 0 1 

Girella_nigricans 1 1 

Girella_punctata 0 1 

Gnathanodon_speciosus 1 1 

Hemicaranx_zelotes 1 1 

Hippocampus_abdominalis 0 1 

Hippocampus_erectus 0 1 

Hippocampus_zosterae 1 1 

Icichthys_lockingtoni 1 0 

Icosteus_aenigmaticus 1 0 

Katsuwonus_pelamis 0 0 

Leuroglossus_stilbius 1 0 

Liza_argentea 0 1 

Lutjanus_lutjanus 0 1 

Macroramphosus_scolopax 1 1 

Melanogrammus_aeglefinus 1 1 

Merlangius_merlangus 1 1 

Merluccius_albidus 0 1 

Merluccius_australis 0 1 

Merluccius_bilinearis 1 1 

Merluccius_polli 0 1 

Microgadus_tomcod 0 1 

Micromesistius_poutassou 0 0 

Mola_mola 0 0 

Mullus_surmuletus 0 1 

Naucrates_ductor 1 1 

Ocyurus_chrysurus 0 1 

Oplegnathus_fasciatus 1 1 

Oplegnathus_punctatus 0 1 

Pagellus_acarne 0 1 

Pagrus_pagrus 0 1 

Parablennius_sanguinolentus 0 1 

Parablennius_tentacularis 0 1 

Paralabrax_clathratus 0 1 

Peprilus_simillimus 1 1 

Peprilus_triacanthus 1 1 

Pholis_nebulosa 0 1 
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Pollachius_pollachius 1 1 

Pollachius_virens 0 1 

Polyprion_americanus 0 1 

Pomatomus_saltatrix 0 0 

Pristigenys_alta 0 1 

Psenes_arafurensis 1 0 

Psenes_cyanophrys 1 0 

Psenes_maculatus 1 0 

Psenes_pellucidus 1 0 

Psenopsis_anomala 1 1 

Pseudocaranx_dentex 1 1 

Rachycentron_canadum 0 1 

Rhabdosargus_sarba 1 1 

Schedophilus_medusophagus 1 0 

Schedophilus_ovalis 1 1 

Schedophilus_velaini 0 0 

Scomber_scombrus 0 0 

Sebastes_caurinus 0 1 

Sebastes_inermis 0 1 

Sebastes_thompsoni 0 1 

Sebastes_vulpes 0 1 

Selaroides_leptolepis 1 1 

Seriola_lalandi 0 1 

Seriola_rivoliana 0 1 

Seriola_zonata 1 1 

Seriolella_brama 1 1 

Seriolina_nigrofasciata 0 1 

Sphyraena_argentea 0 0 

Sphyraena_barracuda 0 1 

Stenobrachius_leucopsarus 1 0 

Stenobrachius_nannochir 0 0 

Stephanolepis_hispidus 1 1 

Stigmatopora_argus 0 1 

Stromateus_fiatola 1 1 

Stromateus_stellatus 0 1 

Syngnathus_floridae 0 1 

Syngnathus_typhle 0 1 

Tetragonurus_cuvieri 1 0 

Thamnaconus_modestus 1 1 

Theragra_chalcogramma 1 1 

Thunnus_alalunga 0 0 
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Thunnus_albacares 0 0 

Thunnus_thynnus 0 0 

Trachurus_declivis 1 1 

Trachurus_japonicus 1 0 

Trachurus_lathami 1 1 

Trachurus_mediterraneus 1 0 

Trachurus_murphyi 0 0 

Trachurus_novaezelandiae 1 0 

Trachurus_picturatus 0 1 

Trachurus_symmetricus 1 0 

Trachurus_trachurus 1 0 

Urophycis_chuss 1 1 

Urophycis_regia 0 1 

Urophycis_tenuis 0 1 

Xiphias_gladius 0 0 

Zaprora_silenus 1 1 
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Appendix III 
Bell diameter, wet mass, and δ15N of different body parts of jellyfish sampled from Strangford 

Lough, Northern Ireland. Data used in ‘Chapter 3: Inter-tissue isotopic variation in three 

scyphozoan jellyfish’ 

Species Bell diameter 
(cm) 

Wet mass 
(g) 

Bell 

δ15N 

Gonad 

δ15N 

Oral arms 

δ15N 

A. aurita 6.0 12 7.3 7.6 7.8 

A. aurita 7.0 16.6 6.7 - - 

A. aurita 8.0 30.2 6.9 7.6 7.2 

A. aurita 9.0 31.9 9.2 8.0 8.2 

A. aurita 10.0 42.2 7.1 8.1 8.0 

A. aurita 11.0 54.6 9.0 7.5 8.1 

A. aurita 12.0 82.4 9.6 8.1 8.2 

A. aurita 13.0 98.3 8.6 8.0 7.7 

A. aurita 14.0 110.3 9.2 7.7 - 

A. aurita 15.0 124.1 8.9 8.8 8.3 

A. aurita 16.0 172.1 9.1 8.6 8.6 

A. aurita 17.0 191.3 10.2 - 8.1 

A. aurita 18.0 206.3 8.6 7.3 8.8 

A. aurita 19.0 191.5 9.8 9.7 8.9 

A. aurita 20.0 290.8 7.4 6.8 7.3 

A. aurita 22.0 400.1 8.0 7.4 7.1 

A. aurita 10.0 42.01 7.8 11.0 10.3 

A. aurita 11.0 65.2 8.5 12.0 12.7 

A. aurita 13.0 100.9 9.0 10.5 11.1 

A. aurita 15.0 135.40 9.7 9.3 9.3 

A. aurita 16.5 169.9 9.9 11.7 11.0 

A. aurita 17.5 186 8.6 10.7 10.6 

A. aurita 18.5 244.1 10.8 10.0 8.4 

A. aurita 20.0 279.90 10.2 11.9 11.7 

A. aurita 21.0 417 10.3 15.8 8.0 

A. aurita 22.0 370.20 11.0 - 8.1 

A. aurita 23.5 391.1 9.9 - - 

A. aurita 25.0 504.60 12.1 11.2 10.8 

A. aurita 27.5 722.9 10.3 10.9 10.2 

A. aurita 29.5 1097 10.9 10.2 12.7 

A. aurita 30.0 971.3 10.0 - - 

A. aurita 34.0 1399.6 10.3 - - 

A. aurita 35.0 1701.6 14.8 19.8 13.0 

A. aurita 36.0 1510.8 10.9 11.5 11.0 

A. aurita 14.5 118.480 8.2 10.8 11.0 

A. aurita 17.5 214.400 12.4 11.5 12.4 
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A. aurita 18.5 290.230 12.5 12.4 13.9 

A. aurita 20.0 266.780 11.4 10.0 12.4 

A. aurita 26.5 732.140 10.2 10.5 11.0 

A. aurita 28.0 802.870 12.3 10.7 9.5 

A. aurita 29.0 1025.580 13.1 11.3 10.7 

A. aurita 19.0 247.860 12.2 12.3 12.5 

A. aurita 19.5 340.930 11.3 10.8 12.0 

C. lamarckii 4.0 3.2 9.3 - 8.8 

C. lamarckii 5.0 12.8 8.5 - 8.4 

C. lamarckii 6.0 23 8.1 - 9.0 

C. lamarckii 7.0 49.2 8.8 9.9 9.9 

C. lamarckii 8.0 69.8 7.7 8.5 8.8 

C. lamarckii 9.0 54.4 8.5 10.5 10.3 

C. lamarckii 10.0 50.5 9.4 - 9.6 

C. lamarckii 12.5 168.70 12.0 10.0 11.4 

C. lamarckii 13.0 184.70 11.9 10.0 10.7 

C. lamarckii 14.5 135.00 9.0 9.9 9.8 

C. lamarckii 16.5 304.20 10.0 10.3 10.7 

C. lamarckii 3.5 4.1 11.7 15.7 11.6 

C. lamarckii 6.0 13.8 12.3 10.8 12.1 

C. lamarckii 7.0 30.4 14.2 11.7 - 

C. lamarckii 7.5 69.30 11.3 - - 

C. lamarckii 8.0 39.30 10.0 11.5 12.1 

C. lamarckii 9.0 49.60 11.7 11.5 12.1 

C. lamarckii 9.5 57.4 10.9 - - 

C. lamarckii 10.0 69.3 11.5 13.3 17.5 

C. lamarckii 11.0 100.10 10.9 11.6 12.7 

C. lamarckii 12.0 94.40 14.2 11.9 14.1 

C. lamarckii 13.0 152.20 13.4 13.3 17.7 

C. lamarckii 14.0 130.50 10.4 - 14.9 

C. lamarckii 15.0 195.30 9.0 11.5 11.0 

C. lamarckii 16.0 249.70 12.7 16.4 14.5 

C. lamarckii 17.5 230.90 11.4 11.1 13.2 

C. lamarckii 18.0 324.60 13.0 11.5 20.4 

C. lamarckii 19.0 384.80 15.8 11.5 12.1 

C. lamarckii 20.0 492.80 9.4 12.2 19.0 

C. lamarckii 6.5 19.39 12.1 12.3 - 

C. lamarckii 7.0 22.26 12.0 - - 

C. lamarckii 8.0 46.63 10.3 11.8 13.6 

C. lamarckii 11.0 69.73 14.0 11.0 12.7 

C. lamarckii 13.0 114.43 12.3 11.8 13.3 

C. lamarckii 8.0 40.05 10.7 13.0 14.0 

C. lamarckii 9.0 60.01 12.4 11.8 - 
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C. lamarckii 10.5 102.38 11.5 12.3 12.5 

C. capillata 8.0 50.4 7.8 - 7.3 

C. capillata 16.0 218.9 7.6 - 7.8 

C. capillata 7.0 25.70 8.5 - 9.9 

C. capillata 10.5 68.37 9.2 7.1 - 

C. capillata 25.0 1900.20 12.1 9.9 11.1 

C. capillata 7.5 33.3 11.0 13.0 11.3 

C. capillata 8.0 25.3 12.9 12.4 - 

C. capillata 12.5 102.2 17.5 - - 

C. capillata 22.0 1295.5 19.2 13.4 17.9 

C. capillata 24.5 1023 10.8 11.8 11.9 

C. capillata 26.0 995.1 12.1 - - 

C. capillata 27.5 1418 25.3 - 23.3 

C. capillata 29.0 1630.7 13.4 11.4 12.1 

C. capillata 31.0 1728.8 12.1 11.6 11.5 

C. capillata 55.0 14533.5 13.7 11.6 13.2 

C. capillata 85.0 23682.2 12.1 14.3 17.0 

C. capillata 10.5 92.84 11.5 11.2 12.5 

C. capillata 13.5 193.58 13.6 - 12.9 

C. capillata 14.5 222.66 11.5 11.6 13.6 

C. capillata 16.0 353.01 11.7 11.8 12.2 

C. capillata 18.5 496.81 11.3 11.3 13.5 

C. capillata 23.5 750.28 13.3 16.6 19.8 

C. capillata 26.0 1175.8 19.0 22.1 17.6 

C. capillata 27.5 1154.76 12.4 12.5 14.1 

C. capillata 29.0 1950.2 14.1 11.5 15.0 

C. capillata 30.0 2132.36 11.8 12.3 15.5 

C. capillata 31.0 2044.91 13.3 12.1 14.0 

C. capillata 32.0 2481.58 11.8 11.8 15.4 

C. capillata 34.5 3706.53 14.6 12.9 16.1 

C. capillata 36.0 4038.82 12.5 12.4 12.8 

C. capillata 39.5 3964.95 15.6 13.8 17.4 

C. capillata 43.0 6071.83 21.4 22.6 20.2 

C. capillata 50.0 7556.7 18.7 19.3 18.8 

C. capillata 6.0 19.42 11.9 12.1 12.8 

C. capillata 12.0 152.04 12.4 11.5 14.0 

C. capillata 14.0 241.49 11.8 11.3 17.6 

C. capillata 25.0 681.5 12.8 12.9 13.8 

C. capillata 25.5 1136.67 13.3 - 13.6 

C. capillata 26.0 966.1 12.8 - 13.9 

C. capillata 27.0 1329.55 13.3 12.3 16.8 

C. capillata 30.5 1228.01 13.5 - 15.0 

C. capillata 32.5 1791.44 12.7 12.9 13.3 
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C. capillata 32.5 1974.44 16.9 13.7 - 

C. capillata 33.5 2001.42 13.2 - 14.9 

C. capillata 35.0 2411.42 16.1 12.7 15.0 

C. capillata 35.5 3473.21 12.8 13.4 16.8 

C. capillata 36.0 3529.46 14.9 14.7 14.7 

C. capillata 37.0 2268.44 13.4 14.4 13.3 

C. capillata 38.0 2797.2 13.3 13.8 16.8 

C. capillata 41.0 3326.16 14.6 13.4 15.4 
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Appendix IV 
Glutamine and phenylalanine amino acid and bulk δ15N data from five jellyfish species collected 

from the North East Atlantic, Mediterranean and South East Pacific from ‘Chapter 4: Regional and 

individual variation in jellyfish trophic position shown using bulk and amino acid δ15N.’ 

Location Species Size(mm) Glutamine 
δ15N 

Phenylalaline 
δ15N 

Bulk δ15N 

North East Atlantic A. Aurita 170 21.26 7.01 11.76 

North East Atlantic A. Aurita 185 24.14 4.16 11.14 

North East Atlantic A. Aurita 165 24.80 5.50 12.41 

North East Atlantic A. Aurita 100 24.99 4.30 11.56 

North East Atlantic A. Aurita 185 23.88 6.50 12.11 

North East Atlantic A. Aurita 180 24.19 7.90 12.31 

North East Atlantic A. Aurita 190 21.97 6.19 11.05 

North East Atlantic C. lamarckii 185 26.71 6.10 12.76 

North East Atlantic C. lamarckii 105 25.53 5.21 11.79 

North East Atlantic C. lamarckii 140 25.03 5.66 11.59 

North East Atlantic C. lamarckii 115 25.64 5.30 11.02 

North East Atlantic C. lamarckii 239 26.51 7.86 12.50 

North East Atlantic C. lamarckii 243 26.13 7.82 12.74 

North East Atlantic C. lamarckii 203 25.20 5.80 11.90 

North East Atlantic C. capillata 190 27.96 5.81 12.65 

North East Atlantic C. capillata 240 27.49 5.17 11.87 

North East Atlantic C. capillata 200 27.88 6.90 12.59 

North East Atlantic C. capillata 180 28.83 6.81 11.84 

North East Atlantic C. capillata 230 28.29 6.60 13.68 
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North East Atlantic C. capillata 200 25.80 4.71 13.23 

Mediterranean P. noctiluca 80 15.98 0.70 4.48 

Mediterranean P. noctiluca 100 13.11 -3.70 4.47 

Mediterranean P. noctiluca 85 14.37 0.10 3.82 

Mediterranean P. noctiluca 95 11.05 -0.95 4.24 

Mediterranean P. noctiluca 75 10.45 -1.35 0.48 

Mediterranean P. noctiluca 65 16.46 -1.62 4.10 

Mediterranean P. noctiluca 93 15.27 -0.50 2.06 

South East Pacific P. noctiluca 45 30.72 7.51 13.72 

South East Pacific P. noctiluca 70 27.22 9.10 15.24 

South East Pacific P. noctiluca 67 30.26 9.32 15.13 

South East Pacific P. noctiluca 45 28.52 10.50 16.25 

South East Pacific P. noctiluca 55 28.73 11.00 13.67 

South East Pacific P. noctiluca 90 28.69 10.50 16.38 

South East Pacific P. noctiluca 70 29.10 11.48 15.72 

Mediterranean V. velella 35 12.76 - 3.13 

Mediterranean V. velella 44 12.84 0.30 3.67 

Mediterranean V. velella 46 12.42 -1.75 3.49 

Mediterranean V. velella 44 11.98 1.31 3.71 

Mediterranean V. velella 25 12.91 -0.45 3.74 

Mediterranean V. velella 32 11.68 1.46 2.62 

Mediterranean V. velella 37 14.66 0.37 2.97 
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Appendix V 
Amino acid mean and ± SD δ15N for four scypyhozoan and one hydrozoan jellyfish sampled from 

the Irish Sea, Mediterranean and S.E. Pacific. (Ala – Alaninie, Gly - Glycine, Val - Valine, Leu - 

Leucine, Thr - threonine, Ser - Serine, Pro – Proline, Asp - Asparagine, Glu - Glutamine acid , Hyp - 

Hydroxyproline , Phe - Phenylalanine, Lys - lysine) 
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Appendix VI 
Individual plots of raw and mean δ15N and δ13C for jellyfish and fish sampled from the 

Irish Sea and isotopic phytoplankton baselines. zooplankton in regards to δ15N but have a 

lower mean δ13C. 
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Appendix VII 
As a part of the field work and data collection carried out for this thesis, I contributed to a 

large collaborative project which investigated the role of ocean currents in the secondary 

spread of a marine invasive comb jelly across western Eurasia. Our findings were 

published: Jaspers, Cornelia, et al. "Ocean current connectivity propelling the 

secondary spread of a marine invasive comb jelly across western Eurasia." Global 

ecology and biogeography 27.7 (2018): 814-827. 

 

Abstract 

Aim - Invasive species are of increasing global concern. Nevertheless, the mechanisms 

driving further distribution after the initial establishment of non‐native species remain 

largely unresolved, especially in marine systems. Ocean currents can be a major driver 

governing range occupancy, but this has not been accounted for in most invasion ecology 

studies so far. We investigate how well initial establishment areas are interconnected to 

later occupancy regions to test for the potential role of ocean currents driving secondary 

spread dynamics in order to infer invasion corridors and the source–sink dynamics of a 

non‐native holoplanktonic biological probe species on a continental scale. 

Location -Western Eurasia. Time period - 1980s–2016. Major taxa studied - ‘Comb jelly’ 

Mnemiopsis leidyi. 

Methods- Based on 12,400 geo‐referenced occurrence data, we reconstruct the invasion 

history of M. leidyi in western Eurasia. We model ocean currents and calculate their 

stability to match the temporal and spatial spread dynamics with large‐scale connectivity 

patterns via ocean currents. Additionally, genetic markers are used to test the predicted 

connectivity between subpopulations. 

Results - Ocean currents can explain secondary spread dynamics, matching observed range 

expansions and the timing of first occurrence of our holoplanktonic non‐native biological 

probe species, leading to invasion corridors in western Eurasia. In northern Europe, 

regional extinctions after cold winters were followed by rapid recolonizations at a speed 

of up to 2,000 km per season. Source areas hosting year‐round populations in highly 

interconnected regions can re‐seed genotypes over large distances after local extinctions. 

Main conclusions - Although the release of ballast water from container ships may 

contribute to the dispersal of non‐native species, our results highlight the importance of 

ocean currents driving secondary spread dynamics. Highly interconnected areas hosting 

invasive species are crucial for secondary spread dynamics on a continental scale. Invasion 

risk assessments should consider large‐scale connectivity patterns and the potential 

source regions of non‐native marine species.  
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Appendix VIII 
 

List of publications and conferences presented in arising from the work detailed in this 

thesis. 

Griffin, D. C., Harrod, C., Houghton, J. D., & Capellini, I. (2019). Unravelling the macro-

evolutionary ecology of fish–jellyfish associations: life in the ‘gingerbread house’. 

Proceedings of the Royal Society B, 286(1899), 20182325. 

Jaspers, C., Huwer, B., Antajan, E., Hosia, A., Hinrichsen, H. H., Biastoch, A., ... & Griffin, 

D.C. (2018). Ocean current connectivity propelling the secondary spread of a marine 

invasive comb jelly across western Eurasia. Global ecology and biogeography, 27(7), 814-

827. 

International Council for the Exploration of the Sea (ICES) international conference in 

Spain (Sept 2014). 

Marine Biological Association (MBA) postgraduate conference poster presentation in 

QUB (May 2015) 

Agri-Food and Biosciences Institute (AFBI) postgraduate conference at Hillsborough AFBI 

(June 2015) 

Department of Agriculture, Environment and Rural Affairs (DAERA) postgraduate 

conference at Greenmount CAFRE campus (September 2015) 

Association for Study of Animal Behaviour (ASAB) postgraduate conference (Poster 

presentation- April 2016) 

Jellyfish Blooms Symposium, Barcelona (oral presentation-May 2016) 

DAERA postgraduate conference at Greenmount CAFRE campus (September 2016) 

AFBI postgraduate conference at Hillsborough AFBI (May 2017) 

 

 

 

 

 


