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Abstract 

Jellyfish are distributed globally and often form blooms that last from weeks to months 

before they collapse. While blooms are sustained they can play an important role in 

carbon and nutrient cycling and can influence key ecosystem processes. When they 

collapse, the organic matter assimilated into their biomass is released into the system 

suddenly. This rapid input of organic matter could have significant implications for 

pelagic and benthic environments, however, post-bloom processes have rarely been 

studied. Furthermore, no work has investigated how rates of decomposition may alter 

with changing climate. Understanding how decomposition dynamics will change in the 

future has become increasingly important in light of recently observed shifts in the 

frequency of jellyfish blooms. The aim of this thesis was to investigate the ecological 

and biogeochemical effects of the decomposition of jellyfish carrion in pelagic and 

benthic environments. Decomposition dynamics were also investigated under present 

day and end-of-century conditions to resolve how rates of remineralisation will change 

with increasing temperature and ocean acidification. 

The rate of pelagic remineralisation of jellyfish carrion was investigated under present 

day and end-of-century temperatures (Chapter 2) to assess how climate change may 

influence the decomposition of jellyfish as they sink through the water column. The rate 

of microbial respiration increased with a 3°C increase in temperature, however, 

estimates of the overall quantity and quality of the gelatinous material reaching the 

benthos did not change significantly. Furthermore, after six days (a conservative 

estimate of the time it takes jellyfish carrion to sink to the benthos in the deep sea), the 

majority of the gelatinous tissue remained. Hence, most jellyfish carrion is likely to flux 

to the seafloor, under both present day and end-of-century temperature conditions, even 

for slow sinking carcasses in deep-water systems.  
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The amount and quality of material to flux to the benthos can have implications for 

benthic infauna and bacterial communities. To test the effects of jellyfish carrion on 

benthic communities, a small jelly-fall was mimicked on intact sediment cores collected 

from a Norwegian fjord (Chapter 3). Time-lapse photography captured images of 

benthic fauna rapidly subducting gelatinous material into their burrows. Bacterial 

biomass in the sediment increased in cores with jellyfish carrion compared to controls, 

and there was a consistent increase in all of the bacterial biomarkers measured with the 

exception of one. Small fluxes of jellyfish carrion, therefore, can be beneficial for 

benthic bacteria and infauna. 

Rates of benthic decomposition under end-of-century conditions were investigated by 

simulating rising ocean temperature and acidification (Chapter 4). The concomitant 

change in temperature and pH resulted in almost no change to benthic rates of 

remineralisation, as measured by fluxes of oxygen, and dissolved carbon and nutrients. 

These results were inconsistent with Q10 modelling of jellyfish decomposition, which 

predicted a 1.5 fold increase in decomposition rates. The strong temperature dependence 

of the microbial respiration measured in Chapter 2, combined with the well understood 

relationship between temperature and microbial metabolism, indicated that the 

decreasing pH may have counteracted the effect of temperature in this experiment by 

reducing rates of remineralisation. These results suggest that the rate of jellyfish 

decomposition on the benthos may remain largely unchanged by the end of the century. 

The final investigation in this thesis (Chapter 5) was an in situ study of jellyfish 

decomposition in a shallow coastal lagoon. Benthic chamber incubations measured 

increased rates of oxygen demand due to microbial respiration, which created low 

oxygen conditions in the sediment. The hypoxic/anoxic conditions had cascading effects 

on benthic biogeochemistry, and resulted in an accumulation of iron (II) and sulphide in 
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the sediment porewaters, and a concomitant decrease in the abundance of some 

macrofaunal taxa. The abundance of one species of gastropod that was presumably 

scavenging the gelatinous material, however, increased in abundance. Decomposing 

carrion also released large amounts of dissolved organic carbon, and organic and 

inorganic nutrients, which may link back to the pelagic microbial loop or to primary 

producers, and eventually the metazoan food web.  

On the benthos, jellyfish carrion can be a food source for both bacteria and macrofauna, 

if it accumulates in small quantities. If jellyfish sink in larger quantities, however, the 

oxygen demand due to microbial respiration can induce hypoxia/anoxia in bottom 

waters and create inhospitable, sulphidic conditions for fauna in the sediment. Areas 

which are experiencing increases in jellyfish abundance may suffer adverse changes due 

to the potential increase in moribund biomass, although rates of remineralisation may 

not change significantly in the future with climate change. Considering the scale at 

which jellyfish bloom and collapse, their decomposition could have significant 

implications for the ecology and biogeochemistry of ecosystems where they occur. 
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Chapter 1- Introduction 

Fate of organic matter in marine ecosystems 

The cycling of carbon and nutrients in marine systems is linked to most ecological 

processes (Valiela 1995). The biological fixation of inorganic carbon and assimilation 

of inorganic nutrients into organic forms by primary producers is a major component of 

global elemental cycles (Cloern 1996). The mechanisms and timescales by which these 

assimilated organic components are recycled within marine systems are a major 

determinant of most biological and biogeochemical processes (Valiela 1995). 

The fate of organic material produced in the surface ocean, and whether it links back to 

the pelagic food web or sinks to the benthos, depends largely on the depth of the system 

(Fenchel et al. 1998). In shallow coastal systems, the pelagic and benthic environments 

are strongly coupled because organic material can sink quickly to the benthos (Fenchel 

et al. 1998). However, in deep or stratified waters, the coupling between surface 

production and sediments is poor (Fenchel et al. 1998). These systems rely on the 

vertical export of surface production, known as the biological pump (Figure 1.1; Volk & 

Hoffert 1985). Organic material from surface production sinks as particulate organic 

matter (POM) to the benthos either directly, or indirectly as fecal pellets and carcasses 

of consumers (Redfield 1963, Volk & Hoffert 1985). This export of POM can provide 

an important link between the surface layers of the ocean and the deep sea, and the 

organic matter that reaches the benthos can determine ecosystem structure and function 

(Smith et al. 2008). 
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Figure 1.1 Conceptual diagram of the major processes associated with the biological 
carbon pump. POC= particulate organic carbon, DOC= dissolved organic carbon. 
Symbols are courtesy of the Integration and Application Network, University of 
Maryland Center for Environmental Science (ian.umces.edu/symbols/). 

 

The role of boom and bust populations in nutrient and carbon cycling 

Boom and bust population dynamics (i.e. rapid increases in biomass followed by mass 

mortality) are a common characteristic of marine organisms, such as phytoplankton, 

macroalgae, and jellyfish. These plants and animals assimilate large stocks of nutrients 

into their biomass as they grow and multiply and then release them in large pulses when 

their blooms collapse. The sudden input of organic material resulting from the collapse 

of blooming species plays an important role in biogeochemical cycling in the ocean 

(Alldredge & Silver 1988). The detritus can be consumed by scavengers and detritivores 

or be remineralised via microbial pathways (Canfield et al. 2005) in the pelagic or 



 
 

15 

benthic environment. Pulses of organic matter from collapsed blooms are important for 

food web dynamics as they represent a disproportionate input of particulate organic 

carbon (POC) to the system (Buesseler 1998). 

Jellyfish, which include cnidarian medusae and ctenophores, often exhibit boom and 

bust population dynamics, and blooms can attain huge biomasses before their collapse 

(Pitt et al. 2014). Jellyfish have a worldwide distribution, and their global biomass in the 

mixed layer of the ocean is estimated to be 37.3 Tg C (Figure 1.2; Lucas et al. 2014). 

Individual blooms can attain biomass densities exceeding 500 g wet weight m-3 (Lilley 

et al. 2011) and 450 mg C m-3 (estimated from Lucas et al. 2011). While blooms are 

sustained they can be a food source for a diverse array of animals (Arai 2005), or the 

nutrients assimilated in the bloom may be recycled through excretion and mucus 

production (West et al. 2009a, Condon et al. 2010, Condon et al. 2011). 

Blooms often last weeks to months, then rapidly decline for a variety of reasons 

including parasitism, food limitation, changing physical conditions, and death post-

spawning (Pitt et al. 2014). Like other blooming species, senescent jellyfish blooms 

(termed jelly-falls; Lebrato et al. 2012) represent large stocks of organic matter that may 

have significant impacts on carbon and nutrient cycling in marine and estuarine systems 

(Pitt et al. 2009). Most information about boom and bust populations and the effect their 

decomposition has on the marine environment is derived from plant detritus (i.e. 

phytoplankton and macroalgae) (e.g. Enriquez et al. 1993, Lignell et al. 1993, Valiela et 

al. 1997). Plants are very different in their chemical composition and quality as a food 

source (Duarte 1995), so their decomposition dynamics are likely to differ to those of 

gelatinous zooplankton (Pitt et al. 2009). 
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Figure 1.2 Global distribution of cnidarian and ctenophore biomass (geometric mean) 
at 5° resolution. Data are plotted over Longhurst biogeochemical provinces and light 
blue areas indicate areas with no observations. Modified from Lucas et al. 2014.  

 

Decomposition rates depend on substrate quality 

Substrate quality is a major determinant of rates of microbial degradation of organic 

material (Enriquez et al. 1993). Labile material with a high initial nutrient concentration 

is degraded quickly, whereas recalcitrant material composed of structural polymers with 

low nutrient contents degrades much more slowly (Enriquez et al. 1993). The carbon to 

nitrogen ratio (C:N) of a material is a good indicator of its lability; low ratios similar to 

those of bacteria indicate a high quality food source which is decomposed rapidly 

(Goldman et al. 1987). Low ratios can be found in fast growing phytoplankton (~6 to 7; 

Goldman 1980 ) and gelatinous zooplankton (~4.5; Pitt et al. 2009). Seagrass, with C:N 
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ratios of ~20 (Duarte 1990), and mangrove litter, which can have ratios from 30 to 100 

(Wafar et al. 1997), are more recalcitrant food sources. The C:N ratio of sinking 

particulate matter increases over time, as the components with a high N content are 

preferentially remineralised (Olesen & Lundsgaard 1995), leaving the less labile 

material to be degraded by bacterial hydrolytic exoenzymes (Chróst 1991). 

The quality of substrate also influences how nutrients are cycled during decomposition. 

When a large amount of labile, nutrient-rich material is available, inorganic N and P 

from microbial mineralisation are mobilised to the environment, as nutrient regeneration 

rates exceed the growth requirements of the bacterial community leading to a net release 

of nutrients (Canfield et al. 2005). However, the decomposition of refractory material 

with high C:N ratios, and therefore low nutrient contents, requires microbes to 

assimilate nutrients more efficiently to sustain their own growth (Goldman et al. 1987, 

Pedersen et al. 1999). In the latter case, these nutrients would only be released when the 

bacteria senesce, die and their nutrient-rich biomass is itself decomposed (Goldman et 

al. 1987). Consistent with what would be expected for labile material, large amounts of 

nutrients are released from jellyfish carrion during the initial phases of decomposition 

(West et al. 2009b). 

Decomposition in the pelagic versus the benthic environment 

Once a jellyfish bloom collapses, there are multiple possible fates for the organic 

material. Some tissue may be degraded or scavenged as the carcasses sink through the 

water column (Titelman et al. 2006, Lebrato et al. 2013). Once the remaining carrion 

reaches the benthos it can represent an important input of organic material for fauna and 

heterotrophic microorganisms (Billett et al. 2006, West et al. 2009b, Lebrato et al. 2012, 

Sweetman et al. 2014c). The proportion of jellyfish carrion decomposed in the pelagic 

versus the benthic environment, and the quantity (and quality) of material to reach the 
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seafloor, is linked to the amount of time the medusae spend in the water column 

(Titelman et al. 2006, Lebrato et al. 2011). Sinking times are determined by the depth at 

which the organism dies, the sinking speed, and remineralisation rates (Lebrato et al. 

2011). In shallow systems such as coasts and estuaries, jellyfish are likely to sink 

quickly to the benthos and remineralise there (similar to other inputs of POM (Fenchel 

et al. 1998)). In deep water columns, high turnover rates of gelatinous carrion suggest 

that medusae at least partially decompose as they sink (Titelman et al. 2006). However, 

carcasses can sink quickly (Lebrato et al. 2013) and large aggregations of jellyfish 

carcasses have been observed on the seafloor at depths of 3,300 m (Figure 1.3) (Billett 

et al. 2006).  

 

 

Figure 1.3 The global distribution of jelly-falls on the seafloor (red circles), and jelly-
falls where scavenging fauna were observed feeding on jellyfish carcasses (yellow 
circles). Modified from Lebrato et al. 2012. 
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Decomposition in the pelagic environment 

Pelagic remineralisation of jellyfish tissue occurs rapidly as a result of leaching and 

bacterial colonization (Titelman et al. 2006). Decomposition of jellyfish in the pelagic 

environment can cause an increase in bacterial abundance and the release of organic 

carbon and organic and inorganic nutrients (Titelman et al. 2006, Tinta et al. 2010, Frost 

et al. 2012, Tinta et al. 2012). The estimated rate of DOC released from dead jellyfish is 

30 times higher than that of live ones, which suggests they could provide a significant 

energy link back to the pelagic microbial food web as they sink (Titelman et al. 2006). 

Gelatinous tissue can also elicit changes to the bacterioplankton community (Tinta et al. 

2010, Frost et al. 2012, Tinta et al. 2012). The growth of specific bacterial isolates can 

vary, with jellyfish tissue inhibiting the growth of some bacterial phylotypes, and 

promoting the growth of others (Titelman et al. 2006, Tinta et al. 2012). The rate of 

microbial decomposition of jellyfish tissue may, therefore, be influenced by the specific 

bacterioplankton community composition (Titelman et al. 2006, Tinta et al. 2010). 

Decomposition in the benthic environment 

Particulate matter that is not degraded by bacteria or consumed by scavengers in the 

water column is eventually transported to the seafloor (Fenchel et al. 1998). Jellyfish 

carrion that reaches the seafloor may be scavenged and assimilated by megafauna 

(epibenthic invertebrates and demersal fish >10mm; Wei et al. 2010) and benthic 

macrofauna (benthic fauna retained on a 500 µm sieve), or decomposed by bacteria. 

While carrion is often scavenged by benthic epifauna, including fish, crustaceans and 

echinoderms (see Lebrato et al. 2012), no work has directly studied whether gelatinous 

material can be a food source for macroinfauna as well. 

Jelly-falls can represent large stocks of organic matter, which can surpass annual fluxes 

of organic carbon to the benthos by more than ten times in a single pulse (Billett et al. 
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2006). This flux of gelatinous material can exceed scavenging capacities of benthic 

fauna and lead to an accumulation of carcasses on the benthos, and probably create 

hotspots for microbial activity (Billett et al. 2006). A mesocosm study found that 

decomposing jellyfish on the sediment caused an initial large release of organic nitrogen 

and phosphorus and phosphate, followed by a more gradual efflux of inorganic nitrogen 

and increased sediment oxygen demand (West et al. 2009b). These observations 

indicated that bacteria remineralised the jellyfish tissue (West et al. 2009b). It is 

predicted that while the nutrients released from jellyfish decomposition may promote 

primary production (if the carcasses accumulate within the euphotic zone), the 

associated oxygen depletion could negatively impact benthic communities (West et al. 

2009b). 

Decomposition and hypoxia 

The rapid decomposition of senescent blooming species that reach the benthos results in 

considerable changes to biogeochemical cycling (Fenchel et al. 1998). Small amounts of 

POM input to the sediment can stimulate the activity of fauna and increase bioturbation 

(Fenchel et al. 1998). However, large inputs of organic material, typical of the collapse 

of boom and bust species, can overwhelm benthic communities and lead to hypoxia 

caused by the respiration of aerobic bacteria as they remineralise detritus (Conley et al. 

2009). Oxygen depletion and the shift to anaerobic respiration changes sediment redox 

conditions and the vertical profile of reduced compounds (Canfield et al. 2005). 

Hypoxic and anoxic events frequently occur after algal blooms collapse in the summer 

when waters are warm and stratified (Diaz & Rosenberg 2008). The magnitude of 

oxygen depletion depends on multiple factors, including the amount and quality of the 

organic matter (Fenchel et al. 1998), and the degree of stratification in the water column 

(Levin et al. 2009). Enclosed or stratified water bodies with limited flushing and mixing 
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regimes are particularly susceptible to the low oxygen conditions created by 

decomposing material (West et al. 2009b). Chamber incubations confirm rapid oxygen 

depletion as jellyfish decompose on the sediment, however sediment redox conditions 

were not measured directly (West et al. 2009b).  

A major ecological effect of the low oxygen levels associated with mass decomposition 

is the mortality of benthic animals (Vaquer-Sunyer & Duarte 2008). The threshold of 

tolerance to hypoxia varies among taxa, and encompasses a broad range, with molluscs 

and cnidarians exhibiting a high tolerance, and fish and crustaceans being the most 

sensitive (Vaquer-Sunyer & Duarte 2008). Low oxygen conditions can, therefore, cause 

changes to faunal communities, favouring species that are more tolerant (Diaz & 

Rosenberg 1995). If hypoxic events are protracted, benthic fauna may not be present at 

all (Diaz & Rosenberg 1995). 

The cascading effects of oxygen depletion on nutrient cycles can also have major 

ecological consequences. Hypoxia can cause the reduction of ferric iron and a 

subsequent release of bound phosphorous from the sediment (Conley et al. 2009). The 

mobilisation of iron-bound nutrients can stimulate phytoplankton production in a 

positive feedback loop (Conley et al. 2009). Hypoxic conditions also alter the nitrogen 

cycle by changing rates of nitrification, denitrification, dissimilatory nitrate reduction to 

ammonium and anaerobic ammonium oxidation (McCarthy et al. 2008). A disruption in 

the sulphur cycle is another concern, where the balance between sulphate reduction and 

the oxidation of hydrogen sulphide produced is altered so that sulphide accumulates 

(Gray & Ying 2002). Sulphide is toxic for fauna, especially in combination with the 

concomitant low oxygen conditions (Vaquer-Sunyer & Duarte 2010). Ultimately, 

anoxic conditions can result in the flux of free-sulphide to the water column, known as 
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dystrophic events (Viaroli et al. 1995). Dystrophic events have been associated with fish 

kills and significant changes to benthic assemblages (Lardicci et al. 1997). 

The ubiquitous effects that hypoxic conditions have on the ecology and chemistry of 

marine ecosystems is especially concerning because the area of low oxygen zones has 

been doubling each decade since the 1960s (Diaz & Rosenberg 2008). Moreover, 

changing climate conditions and increasing inputs of nutrient are predicted to 

exacerbate these effects, due to increases in organic matter production, remineralisation 

rates and stratification of the water column, and decreases in oxygen solubility (Diaz & 

Rosenberg 2008, Conley et al. 2009, Rabalais et al. 2009). 

Changing ocean conditions 

Anthropogenic activity is having widespread effects on the ocean, including increased 

stratification (Manabe & Stouffer 1993), acidification (Caldeira & Wickett 2003), 

eutrophication (Cloern 2001), and warmer temperatures (Stocker et al. 2013). These 

changing ocean conditions will inevitably alter biogeochemical cycling (Mora et al. 

2013) and the way POM from blooming species is degraded (Piontek et al. 2009, 

Piontek et al. 2010). 

Bacterial production and respiration are positively correlated with temperature (White et 

al. 1991). However, because respiration increases at a faster rate than production, 

bacterial growth efficiencies have an inverse relationship with temperature (White et al. 

1991, Rivkin & Legendre 2001). Therefore, warmer waters may increase the flow of 

carbon through the microbial loop and increase the proportion of carbon remineralised 

to carbon dioxide (Kritzberg et al. 2010). 

The increased rate and accelerated onset of degradation of organic matter under 

predicted climate-change scenarios is likely to cause increased remineralisation of POM 
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in the upper ocean, and reduce the amount exported to the seafloor (Piontek et al. 2009, 

Kritzberg et al. 2010). The predicted reduction in the amount of POM to reach the 

seafloor will affect the structure and function of benthic ecosystems, especially deep-sea 

communities, which rely on the flux of POM from the surface as their source of carbon 

(Ruhl et al. 2008, Smith et al. 2008). Changes to food availability and quality are 

expected to affect abundance, biomass, and diversity of macrofauna, rates of 

bioturbation and sediment mixing depths, as well as oxygen consumption and nutrient 

release from the sediment (Ruhl et al. 2008, Smith et al. 2008). 

While claims of a global increase in the frequency of blooming jellyfish are 

unsubstantiated (Condon et al. 2012), blooms appear to be increasing in several 

locations, including areas of the North Atlantic shelf (Condon et al. 2013). Thus far, 

decomposition of jellyfish has been measured under existing conditions, but given that 

climate change is predicted to significantly alter nutrient pathways, and that jellyfish 

blooms may be increasing in some locations, understanding how climate change will 

influence post-bloom processes may be important in these areas. Warmer waters could 

increase remineralisation rates as jellyfish carrion sinks through the water column and 

reduce the amount and quality of the carrion to reach the seafloor. On the benthos, 

changing climate conditions may accelerate the rates of oxygen demand and increase 

the nutrient effluxes associated with decomposing jellyfish, and, therefore, change the 

impact collapsed blooms have on biogeochemical cycles and benthic fauna. 
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Objectives 

The aim of this thesis is to investigate the biogeochemical and ecological effects of the 

decomposition of jellyfish carrion. Decomposition will be examined in shallow 

subtropical systems and deep temperate environments for a comprehensive analysis. In 

light of recent reports that the frequency of blooms in some areas may be increasing, it 

is important to consider how rates of decomposition could change in the future given 

the biomass of collapsed blooms may increase as well.  

The specific objectives of the thesis are to: 

1. Investigate rates of pelagic decomposition of gelatinous carrion and determine 

whether warmer temperatures could increase rates of remineralisation in the 

water column 

2. Study how benthic decomposition impacts macrofaunal and bacterial 

communities in fjord sediments 

3. Examine how rates of benthic decomposition may change under end-of-century 

conditions, with elevated temperature and reduced pH 

4. Investigate benthic decomposition in situ and quantify changes to macroinfauna, 

benthic fluxes and sediment redox conditions 
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Chapter 2- Elevated temperature alters decomposition 

dynamics of jellyfish in the pelagic environment 

 

 

This chapter is a co-authored paper in preparation. My contribution involved: designing 

and performing the research, analysing and interpreting the data, and writing the 

manuscript. The bibliographic details of the co-authored paper in preparation are: 

 

Chelsky A, Pitt KA, Welsh DT, Condon RH, Spilmont N, Sweetman AK (in 

preparation) Elevated temperature alters decomposition dynamics of jellyfish in the 

pelagic environment.  
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Supervisor: Kylie Pitt  
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Abstract 

Jellyfish blooms often attain huge biomasses and then collapse abruptly. Decomposing 

jellyfish could have a large impact on the marine environment when blooms collapse, 

including depletion of oxygen and increasing nutrient levels in the water column. 

Warming ocean temperatures may modify decomposition dynamics by accelerating the 

process, increasing pelagic oxygen demand and reducing the flux of labile material to 

the seafloor, especially in deep-sea environments such as fjords. To quantify the impact 

of increased water temperatures on the decomposition of gelatinous material, we 

measured rates of oxygen consumption and nutrient production during the 

decomposition of Periphylla periphylla, a common blooming jellyfish in Norwegian 

fjords. Experiments were conducted in incubation chambers at ambient and predicted 

end-of-century temperatures (7°C and 10°C, respectively) and lasted for six days. Rates 

of oxygen consumption were faster in the 10oC compared to the 7oC treatment, until 

approximately three days after the experiment commenced. Fluxes of dissolved organic 

carbon, and organic and inorganic nutrients, did not change with temperature. The total 

amount of carbon and nitrogen released from the carrion, and the C:N ratio of the 

residual tissue, also did not change with temperature. In future, a higher proportion of 

jellyfish carrion may be remineralised by microbes as it sinks through the water column, 

however, most material will likely still reach the benthos even in deep waters.
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Introduction 

Elevated ocean temperatures associated with climate change will influence the way 

organic material is cycled in the pelagic environment (Wohlers et al. 2009). Rises in 

temperature are predicted to increase bacterial production and respiration (Kritzberg et 

al. 2010), and, in turn, increase the rate of organic matter degradation (Piontek et al. 

2009). Accelerated pelagic remineralisation of particulate organic matter (POM) could 

reduce the efficiency of the biological pump, which sequesters carbon from the surface 

ocean to the deep sea (Wohlers et al. 2009). Reduced fluxes of POM to the seafloor in 

deep-water systems are predicted to cause a decrease in benthic biomass (Jones et al. 

2014), as these communities are dependent on sinking material as a food source (Ruhl et 

al. 2008, Smith et al. 2008). Other changes predicted to occur due to anthropogenic 

activity, including increased stratification of the water column (Manabe & Stouffer 

1993), would also potentially further reduce the transport of organic material to the 

seafloor (Sarmiento et al. 1998). 

Jellyfish are a potentially important source of POM in the oceans (Lucas et al. 2014). 

Their blooms can represent huge biomasses (e.g. >500 tonnes km-2, Pitt and Kingsford 

2003) and contain large stocks of assimilated nutrients, which are recycled in pulses to 

the environment when the blooms collapse (Pitt et al. 2009). Senescent blooms, which 

can sink as ‘jelly-falls’, export carbon from surface waters to the benthos as part of the 

biological pump (Lebrato et al. 2011). Jellyfish tissue has a low carbon to nitrogen ratio, 

indicating that it is a high quality source of organic matter for bacteria (Pitt et al. 2009), 

and is rapidly remineralised as it sinks (Titelman et al. 2006). In deep waters (i.e. 100s – 

1000s m) a large proportion of material may be degraded in the water column (Lebrato 

et al. 2011), however large quantities of jellyfish carrion have been observed on the 

seafloor at depths exceeding 3000 m (Billett et al. 2006), where it can be a food source 
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for scavengers (e.g. Lebrato and Jones, 2009). Warming ocean temperatures may 

accelerate the rate of decomposition of jellyfish carrion, which could increase the 

proportion of remineralisation that occurs in the water column and thus diminish the 

amount of material reaching the seafloor. Furthermore, the most labile components of 

organic material are preferentially remineralised during sinking (Wakeham et al. 1984), 

thus an increase in degradation rates could also reduce the nutritional quality of the 

material supplied to the benthos. 

The decomposition of jellyfish releases large amounts of carbon and nutrients and 

depletes oxygen, due to microbial respiration (Titelman et al. 2006, West et al. 2009b, 

Tinta et al. 2010). The oxygen demand from decomposition could potentially cause 

local hypoxia when large blooms decompose in stratified water columns and/or areas 

with limited mixing, such as shallow lagoons or fjords (West et al. 2009b). Increasing 

temperatures and changes to remineralisation rates may affect decomposition dynamics, 

which could change whether the efflux of nutrients and oxygen demand primarily 

occurs in pelagic or benthic environments. 

The coronate scyphomedusa Periphylla periphylla (Péron and Lesueur) is distributed 

globally and is very abundant in Norwegian fjords (Jarms et al. 2002). P. periphylla that 

sink to the benthos can be rapidly scavenged by crustaceans and fish (Sweetman & 

Chapman 2011, Sweetman et al. 2014c), indicating that they may be an important 

source of carbon for benthic fjord communities. The organic content (~30% dry weight) 

and high water content (~96%) is typical of most scyphozoan and ctenophore species 

(Lucas et al. 2011). This study investigated the impact of increasing temperature on the 

pelagic decomposition of P. periphylla and quantified changes to nutrient and carbon 

cycling, and oxygen dynamics. It was hypothesised that the rate of remineralisation 

would increase with temperature, accelerating the rate of oxygen demand and the 
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release of dissolved carbon and nutrients. If this hypothesis was supported, it would 

result in more organic matter being recycled within the water column and a consequent 

reduction in the quality and quantity of the material that would sink to the seafloor. 

Methods 

Jellyfish Collection 

Periphylla periphylla were collected from the Lurefjord in Norway on September 29th, 

2010 from vertical net tows, and the diameter of each jellyfish was measured. The 

carbon content of each medusa was determined using the relationships between coronal 

diameter (CD in cm), dry weight (DW in g) and carbon (C in mg). The relationships are 

expressed as linear regressions of the natural logarithmic transformations (Youngbluth 

& Bamstedt 2001): 

DW = -4.728 + 3.123*CD and C = 5.373 + 0.924*DW 

After collection individuals were immediately sealed in plastic bags and frozen. 

Experimental set-up 

Experiments were conducted at the Espeland Marine Biological Station, Bergen, 

Norway in January-February 2011. Constant temperature rooms were set at 7°C, the 

approximate year-round temperature in the Lurefjord below the thermocline where P. 

periphylla are commonly found (Youngbluth & Bamstedt 2001, Jarms et al. 2002), and 

10°C, based on a predicted increase of 3°C by 2100 according to IPCC climate change 

scenarios (Solomon & Climático 2007). Topographic features of fjords such as depth, 

length, width, and sill depth, which determine rates of circulation and water exchange, 

can vary widely between fjords (Wassmann et al. 1996). This variability makes it 

difficult to make a generalised prediction about the rate of temperature increase for all 

fjords, however, a study of a Norwegian fjord found that historical bottom temperatures 
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are rising, consistent with atmospheric trends (Hald et al. 2011). Given the potential 

variability between fjord systems, experimental temperatures were based on IPCC 

predictions, which could be relevant to multiple systems where P. periphylla occur and 

decompose. Temperatures in the constant temperature rooms were measured twice daily 

to ensure target temperatures were maintained. Sixteen chambers (Perspex, 10 cm Ø, 40 

cm height) were filled with unfiltered seawater pumped from 40 m depth from the 

Raunefjord, adjacent to the marine station. Magnetic stirrers were fitted to the bottom of 

the chambers and rotated at a rate of 20 revolutions per minute to ensure water 

circulated gently. Eight chambers were randomly allocated to each temperature 

treatment. P. periphylla of similar sizes (mean diameter ± standard error; 8.6 ± 0.18 cm) 

and, therefore, carbon content (1.35 ± 0.08 g), were selected and defrosted immediately 

prior to the experiment. One jellyfish was added to each of four chambers within each 

temperature treatment and the remaining four chambers were controls. The jellyfish 

were suspended above the stirrer between two horizontal nets to maintain a consistent 

position in the water column. Water was circulated through the chambers via a flow-

through system every 3-6 hours at a rate of 50 ml min-1. Header tanks in the constant 

temperature rooms were filled and water was allowed to acclimatise to room 

temperature before being circulated through the chambers. A 63 µm mesh plankton net 

was secured to the opening of the chambers to minimise the loss of particulate matter 

when water was exchanged, as the water circulation caused water to continuously 

overflow from the chambers. 

Sampling of chambers 

Chambers were incubated ten times over six days (after 5, 23, 29, 41, 52, 66, 80, 96, 

120, and 144 hours from the start of the experiment) to measure fluxes of inorganic 

nutrients (NH4
+, PO4

3-, NOx), dissolved organic nitrogen and phosphorus (DON & 
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DOP), dissolved oxygen (DO) and dissolved organic carbon (DOC). Although P. 

periphylla can sink quickly to the benthos, even in deep water columns, the experiment 

ran for six days to represent pelagic decomposition times of jellyfish and ctenophores 

with a wide range of sinking speeds (i.e. ~400–3500 m day-1 from Lebrato et al. 2013). 

The duration of the incubations ranged from two to five hours and was varied to ensure 

that dissolved oxygen concentrations did not fall below 70% of the initial concentration 

during the incubations. Circulation of flow-though water was ceased to initiate flux 

measurements. Fluxes were determined by analysis of water samples that were collected 

from each chamber at the beginning and end of the incubation using a 140 ml plastic 

syringe that was washed in 5% HCl and rinsed in deionized water (Milli-Q Element, 

Millipore). Samples for analysis of NH4
+, NOx, PO4

3-, and DON and DOP, were filtered 

(Whatman GF/F glass microfiber filter) and stored in 20 ml sterile plastic vials. Samples 

for DOC analysis were similarly filtered, then acidified with H2SO4. All nutrient and 

DOC samples were then frozen. Samples for DO analysis were transferred to BOD 

bottles, and fixed immediately for Winkler analysis (APHA 1999). Once the samples 

had been collected at the start of the incubation, a volume of water, equivalent to that 

which had been removed, was added to each chamber and the chambers were sealed 

from the atmosphere. Chambers were incubated and stirred continuously in the dark. At 

the completion of each incubation, water flow was re-established, and the chambers 

were left unsealed and covered with plankton mesh. All fluxes were calculated 

according to the following calculation which was corrected for the dilution from the 

addition of the replacement water: 

Flux = (CE - ((CS*VC - CS*VR + CR*VR)/ VC))/t 

Where CE is the concentration at the end of the incubation, CS the concentration at the 

start of incubation, CR the concentration in the replacement water, VC the volume of the 
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chamber, VR the volume of the replacement water, and t the length of the incubation. 

All concentrations are in µmol l-1, volumes in litres, time in hours, and the fluxes in 

µmol l-1 hour-1. 

Analytical methods 

DOC samples were analysed on a Shimadzu Total Organic Carbon Analyser (TOC-V 

series) with potassium hydrogen phthalate standards. Samples for analysis of total 

dissolved nitrogen and phosphorus (TDN & TDP) were analysed as NOx and PO4
3-, 

respectively, following oxidation using potassium persulfate/sodium hydroxide in a 

TOMY SX 700E autoclave. Samples were diluted with digestion solution, made up of 

20 g K2S2O8 and 5.56 g NaOH in 1 L artificial seawater, in a 2:1 ratio prior to digestion. 

All samples were autoclaved twice for 20 minutes at 121°C. Digestion efficiencies were 

monitored using nicotinic acid and 4-carboxybutyl-triphenylphosphonium-bromide 

standards for N and P, respectively, and were between 90 and 105%. All inorganic 

nutrients were analysed on a continuous flow auto analyser (Futura, Alliance 

Instruments) with the exception of ammonium which was analysed manually on a 

spectrophotometer using the Koroleff method (1969). Samples for total dissolved 

nitrogen and phosphorus were only analysed from 5, 29, 41, 52, 66, and 144 hour time 

points; these were selected based on the inorganic nutrient and DO data. DON and DOP 

concentrations were calculated by difference as the TDN and TDP pools minus the 

contributing inorganic pools. The background concentrations of nutrients were 

generally very low, and samples were sometimes below the limit of detection for 

phosphate (0.19 µmol l-1) and ammonium (0.13 µmol l-1). In these cases, concentrations 

were assumed to be zero. No samples were below the NOx limit of detection (1.49 µmol 

l-1). 
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Percent C and N released from carrion 

Trapezoidal integrations (which assume a constant change in flux rates between 

sampling times) of DOC and DO flux data, and TDN flux data, were used to calculate 

the amount of C and N released from the jellyfish carrion, respectively. A 1:1 ratio 

between oxygen uptake to carbon respired was assumed, which has been previously 

applied to organic material from jellyfish (Condon et al. 2011). Background fluxes were 

accounted for by subtracting average control fluxes from the fluxes in the jellyfish 

treatments. Values are expressed as percent of the total C and N within the original 

jellyfish carcasses. The residual amounts of C to N remaining in the carrion was 

calculated as the initial totals minus the quantity released and/or respired and these 

totals were used to estimate the C:N ratio of the remaining tissue.  

Statistical analysis 

Inorganic (NH4
+, NOX, PO4

3-) and dissolved organic (DON, DOP) nutrients, DO, DOC, 

percent C and N consumed, percent C respired, and C:N ratios, were all analysed using 

repeated measures linear mixed models. The analysis of nutrient, carbon and oxygen 

flux data consisted of three fixed factors; presence/absence of jellyfish, temperature (2 

levels; 7 and 10 degrees) and time, which was the repeated measure. The analysis of the 

percent C and N consumed, percent C respired, and C:N ratios consisted of two fixed 

factors; temperature (2 levels; 7 and 10 degrees) and time, which was the repeated 

measure. Data were tested for normality and homogeneity of variance and, when 

assumptions were not met, data were transformed using a square root transformation. 

When significant interactions were identified, planned contrasts were used to determine 

which means differed (Quinn & Keough 2002). 
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Results 

Oxygen consumption was higher in both temperature treatments with jellyfish, relative 

to the controls, however, the pattern of oxygen consumption differed between 

temperature treatments over time (Table 2.1). Oxygen consumption increased rapidly in 

the 10°C jellyfish treatment and exceeded the control treatment from the first incubation 

at 5 hours until the end of the experiment (Figure 2.1). In the 7°C jellyfish treatment, 

oxygen consumption rates exceed the controls at 5 hours and again from 41 hours until 

the end of the experiment. The maximum rate of oxygen consumption was greater and 

occurred earlier (after 52 hours) in the 10°C treatment than the 7°C treatment, which 

peaked at 96 hours, at a level approximately 70% the maximum rate measured in the 

10°C treatment. Rates of oxygen consumption were higher in the 10°C relative to the 

7°C treatment from 23 until 80 hours (Figure 2.1). At the final incubation at 144 hours, 

the rate of oxygen consumption was higher in the 7°C jellyfish treatment than the 10°C 

treatment (Figure 2.1). 

Temperature did not influence the release of DOC, but fluxes changed in treatments 

with jellyfish compared to those without jellyfish, although the pattern of variation was 

not consistent through time (Table 2.1). DOC fluxes to the water column in the 

treatments with jellyfish were initially very high, and maximum fluxes occurred at 5 

hours, when rates were more than 20 times higher than the controls (Figure 2.2). Fluxes 

in the jellyfish treatments remained elevated compared to the controls until 23 hours, 

after which they did not differ from those in the controls until the end of the experiment 

(Figure 2.2). 
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Table 2.1 Results of the repeated measures linear mixed model analysis of DO and 
DOC fluxes over time. 

 DO DOC 

Source of variation Num. 

df 

Denom. 

df 
F p 

Denom. 

df 
F p 

Jellyfish 1 15.2 545.4 <0.001 24.9 11.0 0.003 

Temperature 1 15.2 29.5 <0.001 24.9 0.001 0.979 

Time 9 30.3 68.4 <0.001 17.4 16.2 <0.001 

Jellyfish * Temp 1 15.2 28.2 <0.001 24.9 0.2 0.661 

Jellyfish*Time 9 30.3 67.7 <0.001 17.4 10.4 <0.001 

Temp*Time 9 30.3 20.7 <0.001 17.4 1.1 0.413 

Jellyfish * Temp*Time 9 30.3 20.1 <0.001 17.4 0.9 0.511 

 

 

 

Figure 2.1 Average (±SE) oxygen consumption over time in chambers (n=4) with 
jellyfish (circles) and without jellyfish (triangles) at 7°C (black) and 10°C (white). 
Asterisks (*) indicate significant differences (α=0.05) between the two temperature 
treatments containing jellyfish.  
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Figure 2.2 Average (±SE) DOC flux to the water column over time in chambers 
(averaged across temperature treatments; n=8) with jellyfish (circles) and without 
jellyfish (triangles). Double daggers (‡) show where significant differences (α=0.05) 
between the jellyfish and control treatments occurred. 

 

Similarly to DOC fluxes, DON fluxes to the water did not change with temperature 

treatment, however, they changed with jellyfish treatment over time (Table 2.2). Fluxes 

of DON in the jellyfish treatments were more than 200 times higher than the controls at 

the start of the experiment (Figure 2.3A). The highest fluxes in the jellyfish treatments 

were measured at 5 hours, and remained elevated relative to the controls until 41 hours 

(Figure 2.3A). From 52 hours until the end of the experiments, the jellyfish and control 

treatments did not differ. Fluxes of NOx were low for the entire experiment (Figure 

2.3B), however, there was a difference between jellyfish and temperature treatments 

over time (Table 2.2). The 7°C and 10°C jellyfish treatments differed from each other at 

80 and 96 hours, with NOx fluxes in the 10°C higher than those in the 7°C treatment 

(Figure 2.3B). The flux of NOx in the 7°C jellyfish treatment was lower than the 7°C 

control at 80 and 96 hours. The 10°C jellyfish treatment was lower than the 10°C 

control at 41 hours and higher than the control at 96 hours. Fluxes of ammonium were 

low and did not differ between jellyfish or temperature treatments over time (Table 2.2). 
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Table 2.2 Results of the repeated measures linear mixed model analysis of DON, NH4
+ and NOx fluxes over time. 

DON NOx NH4
+ 

Source of variation 
Num. df Denom. df F p Num. df Denom. df F p Num. df Denom. df F p 

Jellyfish 1 15.4 80.6 <0.001 1 27.3 2.1 0.163 1 13.8 2.6 0.132 

Temperature 1 15.4 2.1 0.164 1 27.3 0.4 0.535 1 13.8 0.1 0.764 

Time 5 54.2 34.9 <0.001 9 25.6 3.1 0.012 9 28.4 2.1 0.066 

Jellyfish*Temp 1 15.4 1.0 0.337 1 27.3 1.9 0.184 1 13.8 0.03 0.858 

Jellyfish*Time 5 54.2 32.6 <0.001 9 25.6 1.3 0.277 9 28.4 1.9 0.091 

Temp*Time 5 54.2 1.2 0.339 9 25.6 8.7 <0.001 9 28.4 1.7 0.144 

Jellyfish * Temp*Time 5 54.2 0.7 0.639 9 25.6 3.5 0.006 9 28.4 1.7 0.126 
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Figure 2.3 (A) Average (±SE) fluxes of DON to the water column over time in 
chambers (averaged across temperature treatments; n=8) with jellyfish (circles) and 
without jellyfish (triangles). Double daggers (‡) show where significant differences 
(α=0.05) between the jellyfish and control treatments occurred. (B) Average (±SE) 
fluxes of NOx to the water column over time (n=4) in chambers with jellyfish (circles) 
and without jellyfish (triangles) at 7°C (black) and 10°C (white). Asterisks (*) indicate 
significant differences (α=0.05) between the two temperature treatments with jellyfish.  

 

Fluxes of DOP and phosphate differed between treatments with and without jellyfish, 

and over time, however, the trends were consistent with temperature treatment (Table 

2.3). Both analytes had similar patterns, with a large initial efflux to the water column in 
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the jellyfish treatments followed by a rapid decline (Figure 2.4). Fluxes of DOP were 

higher in the treatments with jellyfish than the controls at 5 and 29 hours, and again at 

144 hours (Figure 2.4A). Phosphate fluxes were also higher in the treatments with 

jellyfish than the controls from 5 to 29 hours, and fluxes in the controls were higher 

than the jellyfish treatments at 80 and 96 hours (Figure 2.4B). 

 

Table 2.3 Results of the repeated measures linear mixed model analysis of DOP and 
PO4

3- fluxes over time. 
DOP PO4

3- 
Source of variation 

Num. df Denom. df F p Num. df Denom. df F p 

Jellyfish 1 12.9 35.0 <0.001 1 12.2 8.7 0.012 

Temperature 1 12.9 0.3 0.604 1 12.2 0.01 0.929 

Time 5 51.7 19.6 <0.001 9 103.6 33.8 <0.001 

Jellyfish * Temp 1 12.9 0.7 0.417 1 12.2 4.0 0.069 

Jellyfish*Time 5 51.7 16.3 <0.001 9 103.6 32.9 <0.001 

Temp*Time 5 51.7 1.3 0.280 9 103.6 1.2 0.317 

Jellyfish * Temp*Time 5 51.7 0.3 0.896 9 103.6 1.0 0.474 
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Figure 2.4 (A) Average (±SE) fluxes of DOP and (B) PO4
3- to the water column over 

time in chambers (averaged across temperature treatments; n=8) with jellyfish (circles) 
and without jellyfish (triangles). Double daggers (‡) show where significant differences 
(α=0.05) between the jellyfish and control treatments occurred. 

 

The percent of the initial jellyfish carbon and nitrogen that was released changed over 

time, however, temperature did not influence the rate of change (Table 2.4). The percent 

of carbon released increased rapidly from 5 to 23 hours (Figure 2.5A), which coincided 

with the initial high rates of DOC release. After 23 hours, the percent of released carbon 

increased gradually for the remainder of the experiment, up to ~14%, driven primarily 

by rates of respiration (Figure 2.5A). The percent of the initial nitrogen that was 

released increased quickly for the first 29 hours of the experiment, when fluxes of DON 
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were high, then more gradually for the rest of the experiment to a final average of 24.4 

± 2.9% (mean ± standard error; Figure 2.5B). The percent of the initial jellyfish-carbon 

that was respired was initially low and then increased gradually from 29 hours until the 

end of the experiment (Figure 2.5C), however, the trend was not consistent with 

temperature treatment (Table 2.4). The percent carbon respired was higher in the 10°C 

treatment from 29 hours until the end of the experiment at 144 hours, relative to the 7°C 

treatment (Figure 2.5C). The final percent of carbon from the jellyfish that was respired 

was 5.6 ± 0.6% in the 10°C treatment, and 4.0 ± 0.3% in the 7°C treatment. The C:N 

ratio also changed over time but not with temperature treatment (Table 2.4). The ratio 

increased rapidly from an initial ratio of 7.7 ± 0.02, then stabilised and was 

approximately 9.2 from 41 until 66 hours. The ratio then decreased slightly to 8.8 ± 0.35 

at 144 hours (Figure 2.6). 
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Table 2.4 Results of the repeated measures linear mixed model analysis of the percent C and N released or respired, and the change in C:N, 
over time. 

% C Consumed % N Consumed % C Respired C:N 

Source of variation Num. 

df 

Denom. 

df 
F p 

Num. 

df 

Denom. 

df 
F p 

Num. 

df 

Denom. 

df 
F p 

Num. 

df 

Denom. 

df 
F p 

Temperature 1 6.0 0.3 0.622 1 6.1 0.9 0.381 1 5.8 22.3 0.004 1 6.3 1.2 0.314 

Time 9 23.1 55.4 <0.001 5 13.8 103.0 <0.001 9 18.3 108.5 <0.001 6 16.6 27.3 <0.001 

Temp*Time 9 23.1 1.3 0.308 5 13.8 2.0 0.146 9 18.3 7.5 <0.001 6 16.6 1.3 0.294 
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Figure 2.5 (A) Average (±SE) cumulative percentage of the initial jellyfish carbon and 
(B) nitrogen lost over time (averaged across jellyfish treatments; n=8). (C) Cumulative 
percent of initial jellyfish carbon respired over time in chambers (n=4) with jellyfish at 
7°C (black) and 10°C (white). Asterisks indicate significant differences (α=0.05) 
between the two temperature treatments. 
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Figure 2.6 Average (±SE) estimated C:N ratio of the residual jellyfish over time 
(averaged across jellyfish treatments; n=8). 

 

Discussion 

Increased temperature caused a clear shift in rates of oxygen consumption, a proxy 

measurement of microbial respiration rates, during the decomposition of jellyfish. An 

increase of only 3°C caused the maximum oxygen consumption rate to occur almost 

twice as quickly and at a rate ~1.5 times higher in the 10°C compared to the 7°C 

treatment. This result supports the hypothesis that an increase in temperature would 

accelerate rates of decomposition, however, the hypothesis was not supported by the 

rates of DOC and nutrient mobilisation, which did not change with temperature. Only a 

relatively small percentage of the total carbon and nitrogen from the jellyfish was 

released over the six days of the experiment, with approximately 85 and 75% of the 

initial biomass C and N, respectively, remaining at the end of the 6 day experiment. 

Thus, even if rates of remineralisation of gelatinous tissue increase in future, a majority 

of jellyfish carrion will likely still flux to the seafloor after blooms collapse, particularly 

in cold water, high latitude systems. 
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Higher rates of microbial respiration with increasing temperature are consistent with 

models of the temperature dependence of jellyfish decay rates (Lebrato et al. 2011) and 

other organic substrates, such as algal-derived material (Piontek et al. 2009). The 

increase in microbial respiration indicates that at higher temperatures, more POM will 

be diverted through the microbial loop in the pelagic system, therefore increasing the 

amount of carbon released as carbon dioxide and reducing the flux of sinking material 

(Wohlers et al. 2009). However, respiration accounted for the remineralisation and 

release of only a small percentage of the initial carbon within the jellyfish tissue (~4-6% 

after six days); thus changes to rates of respiration may not have a large overall effect 

on the amount or quality of carrion to reach the benthos. 

While rates of respiration changed with increased temperature, rates of the net release of 

DOC and organic and inorganic nutrients did not change, which resulted in no 

measurable difference to the overall quantity of gelatinous material between 

temperatures. The rate of leaching of dissolved organic components from decomposing 

material is based on molecular diffusion, and negligible changes would be expected 

with a 3 degree change in temperature (Cussler 2009). As fluxes measure net release, 

and, therefore, both inputs from leaching and losses due to remineralisation (Godshalk 

& Wetzel 1978), some reduction to the net release would be expected at the higher 

temperature due to the increased rates of respiration of the leached components. 

However, the change may have been too small to measure relative to rates of leaching. 

Overall, the leaching of organics, particularly at the start of the experiment, made a 

major contribution to the total pool of organic material that was released from the 

decomposing jellyfish. As rates of leaching did not change with temperature, the overall 

amount of carbon and nitrogen remaining in the jellyfish carrion as it decomposed was 

also not significantly affected by temperature.  
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Estimates of the C:N ratio of the jellyfish carrion and, consequently, its quality as a food 

source, also did not change with temperature. The C:N ratio, however, increased very 

quickly at the start of the experiment. The dissolved organic components initially 

released, therefore, were richer in nitrogen compared to the bulk biomass ratio. The 

rapid initial leaching of nitrogen-rich dissolved material increased the C:N ratio of the 

residual biomass as it became proportionally enriched in higher C:N ratio structural 

polymers. This suggests that the carrion to reach the benthos after a bloom collapses is 

much less labile and a poorer food source for fauna than the initial jellyfish carcass, 

even if it sinks rapidly. 

The magnitude of the effect of temperature on the quantity and quality of carrion to sink 

to the benthos depends on the amount of time the jellyfish carcass spends in the water 

column before reaching the seafloor. The time spent sinking is determined by the 

sinking speed of the carcasses, the depth of the system, and the depth at which the 

jellyfish dies (Lebrato et al. 2011). Jellyfish and ctenophores have a wide range of 

sinking rates, from ~400 to more than 3500 m day-1 (Lebrato et al. 2013). In deep 

systems where jelly-falls have been observed (>3000 m; Billett et al. 2006), carcasses 

could spend less than one day to more than one week in the water column before 

reaching the benthos, depending on the sinking speed. Therefore, our data indicate that 

jellyfish carrion that sinks rapidly or collapses in shallow systems probably reaches the 

benthos before significant pelagic decomposition can occur and in deep water systems, 

the majority of the biomass would reach the benthos even when sinking rates are slow. 

However, in many shallow and all deep water systems it is probable that the C:N ratio 

of the residual biomass would increase substantially as the carcasses sink and, therefore, 

the nutritional quality of the carrion that reaches the benthos would be poorer than the 

original jellyfish. 
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The decomposition dynamics measured in this study differ from other studies of pelagic 

decomposition of jellyfish (Titelman et al. 2006, Tinta et al. 2010, Frost et al. 2012, 

Tinta et al. 2012). These inconsistencies, however, may reflect differences in the 

experimental set-up more than actual differences in decomposition dynamics. All 

previous studies have utilised batch systems where there was no exchange of the water 

within the experimental chambers (Titelman et al. 2006, Tinta et al. 2010, Frost et al. 

2012, Tinta et al. 2012). Without any water exchange, pelagic microbial populations 

and dissolved organic components accumulate within the system and enhance 

remineralisation rates and the production of inorganic nutrients (e.g. Gabrielson et al. 

1983). For example, the large increases in ammonium concentration during jellyfish 

decomposition in batch systems coincided with decreases in dissolved protein 

concentration (e.g. Tinta et al. 2012, Tinta et al. 2010). This concomitant change was 

likely due to ammonium regenerated through the mineralisation of the proteins that 

leached from the biomass in the initial phase of decomposition. The fluxes measured in 

the current study, where water was continually exchanged, probably better reflect 

decomposition processes in natural water columns, as they better mimic in situ 

conditions, where there would be a rapid dilution of the released solutes. In this 

experiment, only small amounts of inorganic nutrients were regenerated, compared to 

other studies of pelagic decomposition (e.g. Tinta et al. 2012), as the DON and DOP 

leached from the biomass were washed out of the incubation chambers before they 

could be further metabolised. 

Some patterns are consistent across all studies of pelagic jellyfish decomposition. 

Initially, the decomposing jellyfish released large amounts of DOC, which is likely to 

be diverted to the microbial loop (Titelman et al. 2006). Total dissolved nitrogen and 

phosphorous were also rapidly released in treatments with jellyfish, however, the 

release may be sustained over several days (Tinta et al. 2010, Frost et al. 2012). In the 
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current study, nutrients were released quickly and primarily in organic forms at the start 

of the experiment. The high initial release of carbon and nutrients may have been, in 

part, because the freezing process may have accelerated the rates of leaching. Freezing 

can physically damage cells and accelerate the release of dissolved intracellular organic 

components (West et al. 2009b). Despite this, previous studies of jellyfish 

decomposition have also used frozen material (West et al. 2009b, Tinta et al. 2012), as 

jellyfish are difficult to kill and can even continue pulsing after they have been 

sectioned (Frost et al. 2012). 

The negligible effluxes of inorganic nitrogen that coincided with the increased oxygen 

demand may be due to the increased C:N ratio of the residual gelatinous material. The 

amount of inorganic nitrogen released from decomposing material is the net result of the 

decomposition rate and the assimilatory nitrogen demand for growth of the bacterial 

community mediating the decomposition (Fenchel et al. 1998). The release depends to a 

large extent on the C:N ratio of the substrate being degraded (Fenchel et al. 1998). 

There is a larger net production of inorganic N during decomposition of labile, low C:N 

ratio substrates, compared to refractory high C:N material (Goldman et al. 1987). The 

C:N ratio of the jellyfish was estimated to be >9 when rates of remineralisation were 

highest, based on the oxygen consumption data. This ratio is high enough to require 

microbes to assimilate most of the remineralised nitrogen into their own biomass 

instead of mobilising it to the environment, as typically there is no net ammonium 

released during the aerobic decomposition of substrates with C:N ratios of 10 or above 

(Goldman et al. 1987). Therefore, contrary to previous studies of pelagic jellyfish 

decomposition, which allowed leached components to accumulate over time (Titelman 

et al. 2006, Tinta et al. 2010, Tinta et al. 2012), we observed little net inorganic N-

release during the decomposition process. It is likely that ammonium is not released in 

significant quantities from jellyfish carrion as it sinks through the water column, 



49 
 

however, there would be ammonium regeneration within the water column when the 

labile organic matter released during sinking is eventually metabolised by 

bacterioplankton. 

Microbial respiration rates associated with decomposing jellyfish increased rapidly with 

warmer temperatures, which could ultimately decrease the amount of carrion that sinks 

to the benthos after a bloom collapses, particularly in deep water columns where 

significant pelagic decomposition can occur. However, pelagic decomposition may not 

make a large contribution to overall decomposition, as a majority of jellyfish carrion 

may sink before being remineralised by pelagic bacteria. The amount and quality of the 

gelatinous tissue from collapsed jellyfish blooms may not change considerably under 

increasing temperature conditions, particularly if ocean acidification offsets the effect of 

temperature (Chapter 4), and most material will likely still flux to the seafloor. 
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Abstract 

Dense jellyfish blooms have high potential for impacting the pelagic community, but 

despite numerous images of jellyfish carcasses decaying on the seafloor, there are no 

studies of the effect of jellyfish detritus on benthic communities. The aim of this study 

was to investigate whether jellyfish carrion elicits changes to benthic bacterial and 

infaunal assemblages. Aurelia aurita jellyfish were added to the surface of intact 

sediment cores collected from a Norwegian fjord, and the short-term response of the 

macrofauna and the bacterial community, as measured by phospholipid fatty acids 

(PLFA), was evaluated after eight days. The bacterial community responded rapidly to 

the addition of jellyfish carrion, with bacterial biomass increasing in the top 10 cm of 

the sediment in the jellyfish treatments. The relative abundance of the different bacterial 

biomarkers, however, did not change, which indicated a lack of a major community 

shift. There were no significant changes in macrofaunal abundance and community 

structure with the addition of jellyfish carrion. However time-lapse cameras captured 

images of fauna transporting the gelatinous tissue below the sediment surface. These 

results suggest that jellyfish carcasses are rapidly scavenged by benthic organisms and 

may benefit infaunal and bacterial communities. 
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Introduction 

Organic material from the pelagic environment that sinks to the seafloor is an important 

source of carbon for the benthos, especially in systems beyond the euphotic zone (Graf 

1992). This input of particulate organic material to the benthos is an important driver of 

sediment biogeochemical processes (Fenchel et al. 1998), and is often important in 

influencing benthic community structure and ecosystem functioning (Smith et al. 2008). 

The flux of organic material to the seafloor, for example, can elicit rapid responses by 

the benthic community, particularly from bacteria and opportunistic scavengers 

(Gooday & Turley 1990). 

Many gelatinous zooplankton species have boom and bust population dynamics, which 

can result in large quantities of the assimilated carbon and nutrients sinking (as ‘jelly-

falls’) to the seafloor following bloom collapses (Lebrato et al. 2012, Pitt et al. 2014). 

The presence of jellyfish carrion on the seafloor is well documented, with photographic 

images being captured around the world (see Lebrato et al. 2012). Quantitative 

estimates of the organic matter reaching the benthos from collapsed blooms are as high 

as 78 g C m-2, and can exceed annual fluxes of organic carbon from other sources by 

more than ten times (Billett et al. 2006). 

Blooms of gelatinous zooplankton occur naturally in temperate and polar fjords, and 

carcasses have been observed on the seafloor of Norwegian fjords (Sweetman & 

Chapman 2011). In some Norwegian fjords, jellyfish blooms may be caused by 

increased light attenuation as a result of eutrophication and climate change (Sørnes et al. 

2007). If anthropogenic changes favour larger or more frequent blooms in these fjords, 

there could be an increased loading of carcasses to the benthos and an enhanced 

(jellyfish-mediated) export of organic carbon from the pelagic system to the seafloor. 
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Little is known about the fate of jellyfish biomass once it reaches the seafloor. It is, 

therefore, difficult to predict how collapsed blooms could impact fjord benthos, despite 

the shelf seas around Norway supporting some of the highest biomasses of gelatinous 

zooplankton recorded globally (Lucas et al. 2014). Most information on jelly-falls has 

been collected from ROV video and cameras (Lebrato et al. 2012), and the images 

captured often show that jellyfish carcasses are rapidly consumed by scavenging 

epifauna (e.g. Sweetman & Chapman 2011). Observations of microbial mats forming 

over jellyfish detritus on the seafloor (Billett et al. 2006) indicate that a substantial part 

of the jellyfish biomass may also be remineralised by bacteria (West et al. 2009b). Such 

mats and the jellyfish carcasses, themselves, could restrict the diffusion of oxygen to the 

sediment, thus creating an inhospitable environment for benthic fauna (Lebrato et al. 

2012). 

This study investigated the short-term response of benthic fjord communities to 

decomposing gelatinous material. We measured changes in bacterial biomass and 

community structure, and quantified impacts on macrofaunal assemblages, in intact 

sediment cores exposed to a simulated deposition of Aurelia aurita (Linnaeus, 1758), a 

common blooming jellyfish in fjords (Lucas 2001). It was hypothesised that the addition 

of jellyfish material would elicit a rapid increase in bacterial biomass and structural 

changes to the bacterial community, and would cause a decreased abundance of benthic 

macrofauna. 

Materials and methods 

Experimental Set-up 

Sediment cores were collected from a depth of 100 m in Fanafjorden (60° 15′ N; 05° 18′ 

E), a temperate Norwegian fjord, in September 2012. Sixteen replicate box-cores were 

collected using a 0.1 m2 box-corer (KC-Denmark) from a site characterized by soft 
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sediment, consistent with the type of sediment where jelly-falls have been observed in a 

nearby fjord (Sweetman & Chapman 2011). One sub-core (Perspex chamber, 19 cm Ø, 

30 cm height with >10 cm sediment) was taken from each box-core and transported 

carefully to the Espegrend Marine Biological Station. The cores were allowed to 

equilibrate in a laboratory in the dark for two weeks. They remained at in situ 

temperature (8°C), and were sealed with Perspex lids. Filtered seawater, pumped from 

the Raunefjord, continuously flowed through the chambers, which were gently stirred 

with magnetic stirrers that were positioned ~15 cm above the sediment surface. 

Aurelia aurita medusae were collected by dip net from Horsea Lake, UK (August 

2012), and shipped frozen to Norway. Forty medusae were thawed, measured (bell 

diameter, mean ± standard error (SE) 35.5 ± 1.2 mm; wet weight 1.1 ± 0.1 g), and five 

were added to the sediment surface of eight chambers selected at random. The carbon 

content of each medusa was determined using the relationships between bell diameter 

(BD in mm), dry weight (DW in g) and carbon (C in g) from (Lucas 1996): 

log𝐷𝑊	  =	  5.507	  +	  2.622	  log𝐵𝐷 and 𝐶	  =	  0.04∗𝐷𝑊 

On average 7.9 ± 1.0 mg C was added to each jellyfish chamber, equivalent to 277 ± 35 

mg C m-2. The eight chambers without jellyfish served as controls. Chambers were 

incubated in the dark at 8°C with a continuous flow of seawater at a rate of ~0.5 L hr-1 

throughout the experiment with continuous gentle stirring, which maintained flow over 

uncovered sediments while avoiding any resuspension of sediment.  

Dissolved oxygen concentrations in the chambers were measured every 6-10 hours for 

the first three days of the experiment, then once a day for the remainder of the 

experiment. Samples of water for dissolved oxygen (DO) concentration were collected 

from a valve on the side of the chambers, approximately 10 cm above the sediment 
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surface, transferred to biological oxygen demand bottles without aeration using silicon 

tubing and a syringe, and measured by the Winkler method (APHA 1999). Flow rates 

were fast enough to maintain DO concentrations above 70% saturation throughout the 

experiment. 

Digital cameras (Nikon) were fixed above two of the jellyfish chambers and captured 

high resolution time-lapse images of the sediment surface every 10 minutes. Time-lapse 

photographs were used to observe how quickly the gelatinous tissue disappeared from 

the sediment surface and to observe whether it was directly fed upon by conspicuous 

macrofauna. 

Chambers remained in the flow through system for 8 days; at the end of which two 

cores (6 cm Ø, 10 cm deep) were taken from the sediment of each chamber, one for 

determination of macrofaunal community structure and one for bacterial phospholipid 

fatty acid (PLFA) analysis. The sub-cores for PLFA analysis were sliced into 0-1, 1-5, 

and 5-10 cm sediment depth horizons. PLFA samples were stored in prewashed 

(methanol: dichloromethane in a 1:1 ratio) glass bottles, and frozen at -20°C for later 

analysis. Macrofauna samples were preserved in 4% buffered formaldehyde in seawater. 

PLFA and macrofauna analysis 

Sediment samples for PLFA analysis were freeze-dried and ground with a mortar and 

pestle. Lipids were extracted from approximately 3 g of dried sediment using a 

modified Bligh and Dyer extraction, in which lipids were sequentially isolated by 

rinsing on a silicic acid column with chloroform, acetone, and methanol (Boschker et al. 

1999). The lipid extract was then derivatized to volatile fatty acid methyl esters and 

measured by gas chromatography-combustion isotope ratio mass spectrometry (GC-C-

IRMS) for PLFA concentration (Sweetman et al. 2014a). 
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Five PLFA biomarkers specific to bacteria were selected (isoC14:0, isoC15:0, antisoC15:0, 

10 Methyl-C16:0 and cyclo C19:0) as they can be used to determine total bacterial biomass 

and provide information about microbial community structure (Rajendran et al. 1993, 

Boschker & Middelburg 2002). Some biomarkers can be used to identify specific 

groups of bacteria, such as sulphate reducers with 10 Methyl-C16:0 (Boschker & 

Middelburg 2002). Bacterial biomass was calculated as PLFA concentration (µg cm-3) 

divided by the average PLFA concentration in bacteria (0.056 g C PLFA g-1 bacteria, 

Brinch-Iversen and King 1990), and the average fraction-specific bacterial PLFA 

concentration (0.225), calculated from Rajendran et al. (1993) and Rajendran et al. 

(1994), as described by Sweetman et al. (2014a). 

Macrofauna samples were carefully sieved (mesh size 500 µm), and identified under a 

dissecting microscope. Polychaetes were identified to species or family. Other taxa were 

often sorted to species, however some could only be identified with coarser taxonomic 

resolution, and nemerteans were sorted to phylum. Nematodes and foraminiferans were 

excluded from the analysis because the mesh size used was too large to accurately 

quantify their abundance. 

Data analysis 

Differences in bacterial biomass between jellyfish treatment (presence/absence) and 

depth stratum were tested using a linear mixed model with a spatial split-plot to account 

for dependencies in observations at various depths. To determine which bacterial 

PLFAs differed in absolute and relative abundance between treatments, a multivariate 

analysis of variance (MANOVA) was used with bacterial PLFA data (combined for all 

three depths) as dependent variables and jellyfish treatment (presence/absence) as the 

independent variable. Between-subject effects were tested when significant differences 

were detected. MANOVA results were assessed based on the Wilks’ Lambda statistic. 
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Differences in the macrofaunal communities with and without jellyfish detritus were 

assessed using permutational multivariate analysis of variance (PERMANOVA) and 

visualised using principal coordinates ordination (PCO). Total number of taxa (S), total 

number of individuals (N), Pielou’s index of evenness (J’), and Shannon-Wiener (loge) 

diversity index (H’) were calculated, and t-tests were used to identify effects of the 

jellyfish treatment (presence/absence). 

Results 

Time-lapse photos 

The jellyfish detritus rapidly disappeared from the sediment surface. Over a six-hour 

span, between 12 and 18 hours after the jellyfish addition, a majority of the visible 

gelatinous tissue was removed from the sediment surface (Figure 3.1). The time-lapse 

images captured a rapid subduction of the organic material by infauna. Often images 

showed worms moving to the sediment surface near the jellyfish carrion (Figure 3.1a), 

burrows appearing from below the gelatinous tissue (Figure 3.1b), or nearby burrows 

changing orientation towards the carrion (not pictured). 
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Figure 3.1 Time-lapse photographs of the sediment surface in a jellyfish chamber from 
12 hours (a), 16 hours (b), and 18 hours (c) after the jellyfish addition. Arrows indicate 
the jellyfish carcass on the sediment surface (1), with the gastric cirri/gonads denoted by 
(2), and a burrowing worm (3). At 16 hours multiple burrows had appeared beneath the 
jellyfish carrion (4), and after 18 hours very little tissue remained, with no visible 
remnants of the gastric cirri/gonads (5) at the same point where they were present at 12 
hours. 
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Bacteria 

The average bacterial biomass was greater in the jellyfish treatments than the controls 

(F=17.698, p=0.001; Figure 3.2), and this pattern was consistent across all three depths 

(F=0.698, p=0.506). Similarly, the individual concentrations of the bacterial PLFAs 

were higher in the jellyfish treatments, relative to the controls (F=3.46, p=0.045; Figure 

3.3a). However, this pattern was only significant for four of the five PLFAs; cyclo C19:0 

was the only PLFA that did not differ between treatments (Figure 3.3a). Relative PLFA 

abundances, however, showed no difference between the jellyfish and control 

treatments (F=1.70, p=0.220; Figure 3.3b), with all five PLFAs contributing 

approximately the same percentage to the total PLFA pools in the two treatments. 

 

 

Figure 3.2 Mean bacterial biomass in the jellyfish (black) and control (grey) treatments 
at three depth horizons. Error bars denote standard error. 
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Figure 3.3 Mean biomass of bacterial PLFAs in the jellyfish (black) and control (grey) 
treatments presented as total biomass (a) and relative (%) abundance (b). Error bars 
denote standard error. Significant differences between jellyfish and control treatments 
are represented with * (p<0.05). 

 

Macrofauna 

Both univariate and multivariate measures of the macrofaunal communities were not 

impacted by the addition of jellyfish (pseudo F=0.508, p=0.901; Figure 3.4). The 

number of taxa, number of individuals, evenness, and diversity were nearly the same in 
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treatment and control cores (p>0.1 for all comparisons, t-tests; Table 3.1). Overall, there 

was an average of 20.6 (± 0.9) taxa and 96.1 (± 7.8) individuals per core. Pielou’s index 

of evenness was 0.77 (± 0.02) and Shannon-Wiener diversity index was 2.30 (± 0.04). 

Faunal assemblages in all cores were dominated by polychaetes with an average of 89.4 

± 22.3 individuals core-1, and the most abundant species was Ophelina modesta (Støp-

Bowitz, 1958) (25 ± 6.3 individuals core-1). Other taxonomic groups in order of 

abundance were Nemertea, Ophiuroidea, Mollusca, Crustacea, Oligochaeta, and 

Sipunculida. 

 

 

Figure 3.4 Principal coordinates ordination (PCO) based on Bray-Curtis similarity 
measures of macrofaunal abundance data from jellyfish (black triangle) and control 
(grey square) treatments. 
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Table 3.1 Mean (± standard error) number of taxa (S), number of individuals (N), 
Pielou’s index of evenness (J’), and Shannon-Wiener (loge) diversity index (H’) per 
core (volume 283 cm3) in jellyfish and control treatments and t-test results. 

 Control Jellyfish t14 p 

S 21.0 (1.0) 20.3 (1.7) 0.384 0.707 

N 97.3 (13.8) 95.0 (8.3) 0.140 0.891 

J’ 0.78 (0.03) 0.75 (0.02) 0.819 0.427 

H’ (loge) 2.37 (0.05) 2.24 (0.07) 1.477 0.162 

 

 

Discussion 

The addition of jellyfish carcasses to the sediment surface elicited changes in bacterial 

biomass, however, little change was observed in macrofaunal abundance. The results 

support our hypothesis that the input of gelatinous material would cause an increase in 

microbial biomass as measured by lipid biomarkers, but are contrary to our prediction 

that the relative abundance of bacterial markers would change. The lack of significant 

changes to the infaunal community also did not support our hypothesis of a negative 

effect of the jellyfish carcasses on macrofauna. 

The increase in bacterial biomass stimulated by the decomposing jellyfish is consistent 

with the response expected from a pulse of organic material (Graf 1992, Beaulieu 

2002). Jellyfish typically have a very low C:N ratio (4.5 ± 1.1), indicating that they are a 

labile carbon source for bacteria (Pitt et al. 2009), and thus rapid remineralisation would 

be expected. The rapid increase in bacterial biomass is consistent with other studies of 

pelagic jellyfish decomposition, which have measured increases in bacterial abundance 

after the addition of gelatinous material (Titelman et al. 2006, Tinta et al. 2010, Tinta et 

al. 2012). 
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Only one study (West et al. 2009b) has investigated the decomposition of jellyfish on 

the benthos. Black zones of iron-sulphide with white patches of sulphur-oxidizing 

bacteria were observed on the sediment surface around the decaying tissue, and 

sediment oxygen demand, a measure of overall microbial respiration, remained elevated 

for four days after the addition of jellyfish (West et al. 2009b). This indicates a shift in 

the bacterial community towards sulphate reducing and chemoautotrophic sulphur-

oxidising bacteria in the surficial sediments. We did not observe changes to the 

sediment surface of our cores, and the only biomarker that did not increase in the 

jellyfish treatments relative to the controls was cyclo C19:0, which can indicate anaerobic 

bacteria (Vestal & White 1989). The total concentration of 10 Methyl-C16:0, a biomarker 

for sulphate reducers (Boschker & Middelburg 2002), did increase in the jellyfish 

treatment. However, similar increases in abundance were also observed for the other 

PLFAs, indicating that the increased abundance of 10 Methyl-C16:0 reflected a general 

stimulation of bacterial biomass rather than a shift in dominance towards sulphate-

reducing bacteria. The lack of any observation of iron sulphide or sulphide-oxidizing 

bacteria at the sediment surface, or a shift in the dominance of sulphate-reducing 

bacteria, is likely because the addition of jellyfish carbon in this study was much 

smaller (~0.3 g C m-2 compared to ~25 g C m-2), and the temperature was 22°C lower in 

our study compared to that of West et al. (2009b). 

Studies examining the bacterial communities associated with decomposing jellyfish 

(e.g. Tinta et al. 2012) are limited to pelagic decomposition processes. A study of the 

decomposition of Periphylla periphylla (Péron & Lesueur, 1810) found variable 

responses from bacterial isolates to the gelatinous tissue, with some showing inhibited 

growth, whilst other were stimulated (Titelman et al. 2006). Studies of the 

decomposition of three scyphozoan jellyfish found that the addition of jellyfish 

homogenate caused a decrease in the overall diversity of the bacterial community, with 
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some phylotypes favoured over others (Tinta et al. 2012). In our study, all bacterial 

PLFAs increased proportionally, thus the jellyfish tissue did not favour a particular 

biomarker, however comparisons of PLFA biomarkers does not provide the same 

degree of community resolution as some molecular techniques. The use of lipid 

biomarkers alone, therefore, could mask subtle changes in bacterial community 

composition. 

In a laboratory set-up such as this, there is no potential for migration or recruitment of 

fauna, and little space for movement away from the jellyfish carcass. Thus, changes to 

macrofauna over eight days would be due primarily to death of individuals. The lack of 

change in the macrofaunal composition after the jellyfish addition suggests that the 

jellyfish carcasses did not form the predicted diffusive barrier limiting the resupply of 

oxygen to the sediment. The amount of jellyfish carbon added to the sediment was 

similar to daily particulate organic carbon inputs of 100-500 mg m-2 expected in the 

Fanafjorden at similar depths (Wassmann 1984). Thus, the benthic fauna in the 

sediment should be capable of processing this relatively small amount of carbon. 

The gelatinous tissue instead appeared to be a food source for benthic infauna. This is 

corroborated by the time-lapse camera footage, which captured a rapid draw-down of 

gelatinous tissue by burrowing species. This is the first direct evidence of benthic 

infauna feeding on jellyfish detritus, as other observations of fauna feeding on jellyfish 

carcasses have been limited to larger mobile epifauna (e.g. Yamamoto et al. 2008). The 

consistently higher microbial biomass at all depths in the jellyfish treatments also 

supports this observation, as it is likely due to the vertical transport of organic material 

by burrowing organisms. The redistribution of organic material by burrowing species 

can make the substrate available to microbes below the sediment surface (Levin et al. 

1997). This process has been previously observed for maldanid polychaetes, which were 
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able to rapidly transport algal-derived organic material to deeper sediments (Levin et al. 

1997). Fauna may have also benefited from the gelatinous detritus by feeding on the 

associated microbial community, as suggested for caridean shrimp by Sweetman and 

Chapman (2011) and foraminiferans by Jeffreys et al. (2015). 

The effect of a jelly-fall on the benthos may depend to a large degree on the size of the 

bloom, the quantity of organic material to reach the seafloor, and the size of the 

individual carcasses. The jelly-fall mimicked in this experiment, consistent with inputs 

of jelly-carbon previously observed in Norwegian fjords (e.g. ~550 mg C m-2 from 

Sweetman & Chapman 2011), is relatively small compared to other observations of 

collapsed blooms (up to 22 g C m-2 off the Ivory Coast (Lebrato & Jones 2009) and 78 g 

C m-2 in the Arabian Sea (Billett et al. 2006)). The biomass of these larger blooms could 

have more extreme effects on the benthic community by stimulating microbial 

metabolism and changing sediment redox conditions as observed by West et al. 

(2009b), and reducing sediment-water exchange by blocking burrows. In addition, 

larger individual carcasses would increase the distance benthic fauna would need to 

migrate to gain access to oxygenated water or to avoid toxic reduced sediment 

conditions. A larger pulse of jellyfish biomass to the sediment surface could therefore 

elicit different responses from the benthic community, especially if composed of large 

sized individuals. With modest inputs of jellyfish carbon, however, there appeared to be 

an enhancement of benthic processes and benthic production. 

Conclusion 

This study is the first to investigate the effect of decomposing jellyfish on sediment 

communities, and is an important first step in understanding how this input of jellyfish-

derived carbon affects the benthos. Even small additions, as simulated here, can act as 

significant, albeit patchy, sources of carbon for the benthos, and particularly for 
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bacteria. While the aim of this study was to mimic the relatively small inputs of jellyfish 

carbon previously reported in Norwegian fjords, the dynamics of large scale jelly-falls 

that have been observed elsewhere would most likely elicit more dramatic changes. 
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Abstract 

The collapse of jellyfish blooms may cause significant ecosystem perturbations, due to 

the oxygen demand and nutrient release associated with the decomposition of jellyfish 

carrion. This study investigated the biogeochemical and ecological effects of the 

decomposition of jellyfish in a shallow coastal lagoon in New South Wales, Australia. 

We hypothesized that jellyfish decomposition would stimulate benthic metabolism and 

reduce sediment redox conditions, leading to changes in porewater solute distributions 

and a less hospitable environment for the macroinfaunal community. Catostylus 

mosaicus carrion was added to the surface of shallow (~1 meter depth) sub-tidal 

sediments and biogeochemical parameters and macrofaunal abundance immediately 

below the jellyfish carrion were measured over three days. Sediment plots without 

jellyfish served as controls. Sediment oxygen demand and carbon and nitrogen efflux 

increased by up to 60 fold in the jellyfish plots, compared to control plots. The 

decomposing jellyfish progressively altered sediment redox conditions, indicated by an 

increase in porewater iron (II) and sulfide concentrations measured by high-resolution 

in situ diffusive samplers. The macrofaunal community shifted in cores taken from the 

jellyfish plots relative to the controls, with a decreased abundance of some taxa, such as 

Oweniidae and Capitellidae. However, the abundance of a carnivorous gastropod 

Nassarius burchardi, which was presumably feeding on the carrion, increased in the 

jellyfish plots. While jellyfish carrion may be a food source for some macrofauna, low 

oxygen conditions coupled with the accumulation of toxic dissolved sulfides in the near 

surface sediments, may explain the overall change in the macroinfaunal community. 
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Introduction 

The biomass of gelatinous zooplankton in the mixed layer of the ocean is estimated to 

be 38.3 × 1012 g carbon, of which 92% is comprised of cnidarian medusae (Lucas et al. 

2014). Medusae can attain biomass densities of up to 500 g wet weight m-3 (Lilley et al. 

2011) and entire blooms can reach biomasses of up to several million tonnes (e.g. 

Lynam et al. 2006). The carbon and nutrients assimilated within these blooms are often 

released back to the environment as one large pulse when they collapse and decompose 

(Pitt et al. 2014). Decaying medusae often sink to the benthos in large quantities 

(Lebrato et al. 2012, Lebrato et al. 2013) but virtually nothing is known about how 

collapsed blooms impact benthic processes and infaunal communities (Pitt et al. 2009). 

Underwater camera footage shows that jellyfish on the benthos can be rapidly 

scavenged by a diverse range of taxa, including echinoderms, crustaceans and fish (see 

Lebrato et al. 2012). The sudden input of carcasses after a bloom can be so large, 

however, that it can exceed rates of scavenging and accumulate on the benthos as a 

layer of ‘slime’ up to 70 mm thick (Billett et al. 2006). Microbes are likely to play a 

major role in the remineralization of gelatinous tissue when it accumulates on the 

benthos in such large quantities (Billett et al. 2006, West et al. 2009b, Chelsky et al. 

2015).  

The decomposition of gelatinous carrion on the benthos can elicit rapid changes to 

sediment biogeochemistry (West et al. 2009b, Chelsky et al. 2015). Jellyfish are a high 

quality food source, as indicated by their low C:N ratio (Pitt et al. 2009), and can thus 

be rapidly remineralized (Titelman et al. 2006, West et al. 2009b, Chelsky et al. 2015). 

The associated bacterial respiration can increase sediment oxygen demand which, in 

turn, may cause iron (II) and toxic sulfide to accumulate in the sediment (West et al. 

2009). The biomass of jellyfish carrion on the benthos can be so large that the oxygen 
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demand associated with the decomposition of their tissue could lead to widespread 

hypoxic conditions (Pitt et al. 2009). These effects may be exacerbated in areas of 

reduced water exchange, such as semi-enclosed coastal lagoons, which can support up 

to 500 tonnes km-2 of jellyfish biomass (e.g. Pitt and Kingsford 2003). 

The biogeochemical changes from gelatinous carrion could impact benthic macrofaunal 

communities (West et al. 2009b). Hypoxic or anoxic conditions created by microbial 

remineralization of large inputs of organic material can reduce faunal abundance and 

alter species composition (Gray & Ying 2002). The low oxygen conditions can cause 

lateral migration, mortality, or emergence of sediment infauna that are intolerant of 

these conditions (Gray & Ying 2002, Middelburg & Levin 2009), with crustaceans 

typically the most sensitive and mollusks the most robust taxa (Vaquer-Sunyer & 

Duarte 2008). The potential for sulfide production in the sediment could also negatively 

impact benthic macroinfaunal communities (Vaquer-Sunyer & Duarte 2010), as the 

presence of dissolved sulfides in the sediment can negatively affect respiratory function 

even at low micromolar concentrations (Bagarinao 1992). Since carcasses often remain 

intact when they sink to the benthos and can cover patches of the sediment several 

meters in diameter (e.g. Billett et al. 2006; Lebrato and Jones 2009), they may also 

create a diffusive barrier that inhibits reoxidation of sediments below their tissue 

(Lebrato et al. 2012). This could potentially exacerbate the adverse conditions for fauna 

below or in close proximity to the gelatinous carrion by favoring anaerobic microbial 

metabolisms, sediment reduction and the accumulation of sulfide in the sediment 

porewater. 

Diffusive gradients in thin films (DGT) and diffusive equilibrium in thin films (DET) 

samplers can provide high resolution two-dimensional distributions of porewater 

concentrations of sulfide and iron (II) (Robertson et al. 2008), and can measure changes 
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in these distributions over relatively short time periods, such as diurnal cycles (Pagès et 

al. 2012, Pagès et al. 2014). These samplers are ideal for investigating sediment 

biogeochemistry as they provide fine-scale measurements of solute co-distributions 

(Robertson et al. 2009, Pagès et al. 2011), and can be used for ecological applications to 

provide insight into the biogeochemical drivers of macrofaunal community structure. 

This is the first study to utilize these techniques to investigate how decomposition of 

carrion influences sediment biogeochemistry. 

The aim of this study was to evaluate the effect of jellyfish carrion on sediment 

biogeochemistry and the short-term response of benthic macrofaunal communities. We 

hypothesized that jellyfish carrion would increase sediment oxygen demand and release 

carbon and nitrogen due to the stimulation of microbial respiration (both aerobic and 

anaerobic) and direct leaching. The increase in anaerobic benthic metabolism would be 

evidenced by an accumulation of iron (II) and sulfide in the sediment porewater due to 

depletion of oxygen and the use of iron (III) and sulfate as terminal electron acceptors in 

the microbial respiration of organic matter. We also hypothesized that macrofaunal 

abundance would decrease below the jellyfish carrion as taxa susceptible to low oxygen 

or sulfidic conditions died or migrated away from beneath the carcass. 

Methods 

The decomposition of the scyphozoan jellyfish, Catostylus mosaicus (Quoy and 

Gaimard, 1824), was studied in Smiths Lake (152°28’ E, 32°23’ S), a shallow semi-

enclosed coastal lagoon in New South Wales, Australia, in October 2013. The 

experiment was done on shallow (~1 m depth), unvegetated, sub-tidal sandy sediments 

(salinity ~36, temperature ~23°C). There were two components to the study: (1) 

sediments were sampled to measure changes to macrofauna assemblages and sediment 

porewater concentration profiles of iron (II) and sulfide, and (2) incubations were used 
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to measure fluxes of dissolved oxygen (DO), dissolved organic carbon (DOC), and 

organic and inorganic nitrogen (DON and DON). The destructive sampling of the 

sediments required for the first component prevented both components from being 

conducted on the same plots, so they were run concurrently on adjacent plots. The 

experiment was concluded after three days when the majority of the carrion had 

disappeared and the sediment oxygen demand in the jellyfish treatment was less than 

twice the average control values. 

Six C. mosaicus (all 30 cm bell diameter) were collected from Smiths Lake and 

transferred to small tanks that were filled with lagoon water. The jellyfish were 

sacrificed by sparging the tanks with nitrogen gas for ~12 hours. Jellyfish were then cut 

into quarters and weighed (1.20 ± 0.05 kg wet weight), and each quarter was assigned 

randomly to a plot. Jellyfish were sectioned because there were very few jellyfish in the 

lake at the time, making individuals of the same size difficult to find. It also enabled us 

to add a consistent biomass to each plot. 

Sediment characteristics 

The wet-bulk density, porosity, organic matter content, and sediment grain size were 

characterized at the site of the experiment in five replicate cores that were taken 

haphazardly and frozen (-20°C) until analysis. Wet-bulk density and porosity were 

measured and calculated according to Percival and Lindsay (1997). Organic matter 

content was determined as loss on ignition at 550°C (LOI550) according to Heiri et al. 

(2001). The size distribution of sediments was determined by dry sieving to quantify the 

proportion of grains in the following size categories: >1 mm, 1 mm-500 µm, 500-250 

µm, 250-125 µm, 125-63 µm and <63 µm. 
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Sediment redox conditions and macrofauna sampling 

The experiment consisted of three treatments: jellyfish, procedural controls, and 

controls. Jellyfish treatments consisted of carrion enclosed in cages (steel with powder 

coat finish; mesh size: 3 cm; base: 40 cm × 50 cm; height: 24 cm). Cages allowed small 

benthic scavengers to access the carrion but prevented the entire carcasses being 

removed by large opportunistic scavengers, such as large fish. The experiment thus 

represented a scenario of a large bloom collapse, when the biomass of carrion would 

exceed that which could be consumed by large scavengers. Within the cages jellyfish 

were anchored with nylon netting to limit their movement throughout the study. The 

netting was coarse (3 cm) to allow bacterial colonization and scavenging by benthic 

fauna and small fish, and was therefore considered to have a negligible effect on the 

decomposition process. Cages and netting over bare sediment were used as procedural 

controls to test for cage effects. All cages were anchored using 2-3 pegs. Areas of 

undisturbed sediment were used as controls. Plots were laid out as a grid in a 15 × 20 m 

area and 15 plots were randomly assigned to each of the 3 treatments. All plots were 

placed more than 2 meters apart to ensure independence. Five of the fifteen replicates in 

each treatment were sampled destructively over three consecutive days. 

Combined DGT/DET probes for determining porewater sulfide and iron (II) co-

distributions, respectively, were prepared, deployed, and analyzed according to 

Robertson et al. (2008), as modified by Bennett et al. (2012) for iron (II), using the 

computer-imaging densitometry (CID) method developed by Teasdale et al. (1999). The 

DGT/DET gel layers were contained within a plastic casing with a sampling window 

(18 × 150 mm), and comprised a sulfide-DGT binding layer (containing AgI), and a 

diffusive layer for iron (II) DET measurements, covered with a 0.45 µm cellulose nitrate 

filter membrane (Millipore, Billerica MA). 
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Prior to in situ deployment, probes were deoxygenated in water collected from the site 

by sparging with nitrogen gas for at least three hours. One DGT/DET probe was 

inserted into the sediment in each plot the evening before the plot was sampled. Probes 

were inserted adjacent to the jellyfish carrion in cages with a carcass, and near the 

center of control and procedural control plots (n=5 for each treatment). After ~20 hours 

(exact time recorded) the DGT/DET samplers were removed from the sediment. This 

allowed sufficient time for the DET hydrogel to equilibrate with porewater iron (II) and 

the DGT binding gel to accumulate any sulfide present as a black Ag2S precipitate. The 

probes were washed with deionized water (Milli-Q Element, Millipore), and the gels 

were carefully cut from the probe window with a scalpel. The DET gels were stained 

immediately by exposure to a second hydrogel equilibrated in a ferrozine reagent, which 

forms an intensely colored complex with iron (II) (Jézéquel et al. 2007). After a reaction 

time of 10 minutes, the gels were scanned with a flatbed scanner (Canon CanoScan 

LiDE 200) and iron (II) was quantified by computer imaging densitometry (CID) 

(Bennett et al. 2012). DGT binding gels were removed from the probes, stored in 

deionized water, scanned within 30 days, and also quantified using CID (Robertson et 

al. 2008). Calculated porewater solute concentrations for each square millimeter of the 

probes were laterally averaged across each depth at 1 mm vertical resolution to provide 

one-dimensional depth profiles. Two-dimensional, false-color distributions at 1 mm2 

resolution were generated using the filled-contour plot function in Matlab (R2014a). 

Jellyfish carrion remaining in the plots was carefully removed and placed in a plastic 

bag and weighed within one hour. Cores (15 cm Ø, 15 cm depth) of sediment were 

immediately taken from the centre of the plot and the sediment was sieved for 

macrofauna (>500 µm). The sieved sample was preserved with 4% buffered formalin in 

seawater and stained with Rose Bengal. Macrofauna were identified and counted with a 

dissecting microscope. Nemerteans and foraminiferans were identified to phylum, 
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polychaetes were identified to family, crustaceans were identified to order, and 

mollusks were identified to species. Nematodes were excluded from the analysis 

because they could not be accurately quantified with the mesh size used. 

In situ chamber incubations 

To measure fluxes of DO, DOC, and dissolved organic and inorganic nitrogen, four 

plots with carrion and four plots without carrion (i.e. controls) were incubated within 

Perspex chambers. These plots were additional to those used to sample sediment 

biogeochemistry and macrofauna. Plots were incubated once before the cages and 

jellyfish were added (time 0), and at 19, 44 and 64 hours. Additional incubations were 

conducted on only the jellyfish plots at 5, 26, 50 and 72 hours, as these were expected to 

be more variable over time. The chambers (volume 53.2 L, sediment area 0.174 m2) 

used for the flux incubations consisted of a base that was inserted 15 cm into the 

sediment, onto which a dome was securely attached. This approach created a closed 

system that could be sampled via plastic tubing connected to a port in the chamber. The 

bases of the chambers were inserted at least 10 hours before the start of the experiment 

to give the sediment time to settle, and remained in place throughout the experiment. 

The domes were carefully attached to the base of the chambers prior to each incubation, 

and pumps circulated the water for approximately 15 minutes before the initial water 

samples were taken. Incubations were conducted under dark conditions (using black 

plastic covers) to avoid the potential confounding influences of photosynthesis by 

microphytobenthos on oxygen and nutrient fluxes, and ranged between 0.9 and 3.2 

hours. The incubation times were shorter for the jellyfish plots when rates of 

remineralization and, therefore, oxygen demand, were high to ensure that the dissolved 

oxygen concentrations at the end of the incubations were maintained within 80% of the 

initial concentration. Water samples were collected at the start and end of the 
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incubations via the sampling port. DO was measured with a Hach LDO optical 

dissolved oxygen probe, which was calibrated daily. Samples for nutrient analysis were 

filtered through Whatman glass fiber (GF/F) filters and frozen. DOC samples were 

similarly filtered, acidified with H2SO4 to pH 2, and frozen. 

Analysis of nutrients and dissolved organic carbon  

Ammonium (NH4
+) and NOx (NO3

- + NO2
-) samples were analyzed using a Seal AA3 

Segmented Flow Analyzer. The limit of detection (LOD) for both analytes was low 

(NH4
+: 0.23 µmol L-1; NOx: 0.17 µmol L-1). Total dissolved nitrogen (TDN) and DOC 

were analyzed on a Shimadzu Total Organic Carbon Analyzer (TOC-V series). 

Recovery rates of quality controls were between 99 and 104%. Dissolved organic 

nitrogen (DON) was calculated as the difference between TDN and the inorganic 

nitrogen pools (NH4
+ + NOx). If NOx or NH4

+ values were below the LOD they were 

assumed to be zero when calculating DON, as they were considered negligible. The 

LOD for ammonium and NOx were <3% and <2% of the lowest measured total 

dissolved nitrogen sample, respectively. Fluxes were calculated according to Welsh et 

al. (2000). Fluxes of ammonium could not be determined on four occasions (for two 

controls and two jellyfish plots) because sample concentrations were below the LOD. 

Data analysis 

Variation in macrofaunal community structure was tested with a 2-way permutational 

analysis of variance (PERMANOVA), using modified Gower (log base 2) similarity 

measures. The two factors were jellyfish treatment (presence and absence of jellyfish 

and procedural control) and day. Both factors were fixed. Significant results were 

visualized using canonical analysis of principal components (CAP). Vector overlays 

were used to visualize Pearson’s product moment correlations between the data and 

CAP ordination axes (Anderson et al. 2008). Only taxa contributing most to the 



87 
 

differences between levels within each factor were displayed as vectors (Pearson R 

value >0.5). A 2-way analysis of variance (ANOVA) was used to compare abundances 

of these taxa of interest (Pearson R value >0.5) between jellyfish treatment and day. 

Data were square root transformed to satisfy the assumptions of normality and 

homogeneity of variance. When significant differences were identified, LSD post hoc 

tests were used to identify which means differed. 

Fluxes of nutrients and DO and the depth profiles of iron and sulfide were analyzed 

using repeated measures linear mixed models. The analysis of flux data had two fixed 

factors: presence/absence of jellyfish, and time (0, 5, 19, 26, 44, 50, 64, 72 h), which 

was the repeated measure. The incubations done only on the jellyfish plots were 

included in the analysis, but the corresponding times for the control plots were treated 

as missing values. Sediment porewater profiles were analyzed using two fixed factors: 

treatment (jellyfish/control/procedural control) and depth (from 15 mm above the 

sediment to 120 mm below the sediment/water interface), which was the repeated 

measure. Comparisons between treatments and depth were only made within the same 

day, and not between days. Data were tested for normality and homogeneity of variance 

and, when assumptions were not met, data were transformed using a square root 

transformation or log transformation for flux data and porewater concentrations, 

respectively. When significant interactions were identified, estimated marginal means 

were used to determine which means differed. 

Results 

Gelatinous biomass remaining in plots 

The amount of gelatinous tissue remaining in the jellyfish plots rapidly declined from 

68.7 ± 1.4% to 52.4 ± 3.5% and 33.7 ± 1.1% of the original biomass (wet weight) over 

the three days, respectively. On the final day, one jellyfish carcass broke apart and was 



88 
 

no longer within the experimental plot; it was, therefore, not included in the calculation 

of the average as the remaining tissue could not be quantified. 

Sediment characteristics 

The sediment was primarily composed of medium and fine sands, with 88.9% of 

sediment grains being 125-500 µm in size. The median grain size range was 250-500 

µm. Bulk density was 1.97 ± 0.01 g cm-3 and porosity was 35.1 ± 0.9 %. Organic matter 

content was low, with an LOI550 of 0.416 ± 0.026%. 

DET and DGT samplers 

Porewater concentrations of iron (II) and sulfide changed over the three days of the 

experiment. On the first day, the patterns in iron (II) concentrations with depth were 

consistent across treatments (Table 5.1). The iron (II) concentrations were low, 

however, there was a gradual increase in average concentrations with depth to above 40 

µmol L-1 from 22 to 70 mm depth (Figure 5.1A). On the second day, porewater iron (II) 

concentrations were higher in the jellyfish treatment compared to the controls and 

procedural controls (Table 5.1), from the sediment surface (0 mm) to 15 mm depth, with 

average values exceeding 80 µmol L-1, but were similar at deeper depths (Figure 5.1B). 

On the final day, the porewater iron (II) concentrations were often three times higher in 

the jellyfish plots than the controls (Figure 5.1C; Table 5.1). Average values in the 

jellyfish plots exceeded 175 µmol L-1 and maximum concentrations occurred at 15 mm 

depth. Porewater iron (II) concentrations were greater in the jellyfish treatment relative 

to the controls from 6 mm above the sediment surface to 16 mm below, with the 

exception of 4, 2, and 1 mm above the sediment surface, when the jellyfish treatment 

only differed from the procedural control. 
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Table 5.1 Results of the linear mixed model comparing sediment porewater 
concentrations of iron (II) between treatments over time. 

 Day 1 Day 2 Day 3 
Source of 

variation Num. 

df 

Denom. 

df 
F p 

Denom. 

df 
F p 

Denom. 

df 
F p 

Treatment 2 19.9 0.16 0.856 24.4 4.02 0.031 23.2 3.23 0.058 

Depth 135 1078.6 1.62 <0.001 959.9 2.44 <0.001 1086.2 2.29 <0.001 

Treat*Depth 270 1079.2 1.14 0.083 962.2 1.22 0.018 1086.3 1.39 <0.001 

 

 

Figure 5.1 Sediment porewater profiles of laterally averaged iron (II) concentrations 
with depth in jellyfish (black square), control (grey triangle), and procedural control 
(white circle) plots on day 1 (A), day 2 (B) and day 3 (C). Data are mean values of 
profiles (n=5) for each individual probe and error bars represent standard error. 
Negative depths denote distance above the sediment surface. 
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Porewater sulfide concentrations did not differ among treatments or depths on the first 

day (Table 5.2). Although it appeared that mean concentrations of sulfide were higher in 

the jellyfish treatment (Figure 5.2A), they did not differ from the control treatments due 

to the high variability in the data. On the second day concentrations were consistently 

low in all three treatments (Figure 5.2B), but they changed with depth (Table 5.2), with 

a small increase in average concentrations to a maximum of 3.5 µmol L-1 at 9 mm 

depth. On the final day, porewater concentrations of sulfide were higher in the jellyfish 

treatment than in both control treatments, from 3 mm above the sediment surface to 83 

mm below the sediment surface (Table 5.2; Figure 5.2C). Concentrations were similar 

in all treatments below that point. The maximum average porewater sulfide 

concentration in the jellyfish plots was 45.6 µmol L-1 at 16 mm depth, however some 

concentration “hot spots” in the two-dimensional distributions of the individual probes 

approached 150 µmol L-1 (Figure 5.3). The two-dimensional distributions of porewater 

sulfide show concentrations were high in all jellyfish plots on the last day, however, the 

depth at which the highest sulfide concentrations occurred differed due to the 

heterogeneity of the sediment (Figure 5.3). Thus, the laterally averaged porewater 

profiles of sulfide in the jellyfish treatment had high variability (Figure 5.2) despite 

showing relatively consistent patterns. 
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Table 5.2 Results of the linear mixed model comparing sediment porewater 
concentrations of sulfide between treatments over time. 

 Day 1 Day 2 Day 3 
Source of 

variation Num. 

df 

Denom. 

df 
F p 

Denom. 

df 
F p 

Denom. 

df 
F p 

Treatment 2 18.8 2.21 0.138 15.9 0.42 0.667 17.5 8.74 0.002 

Depth 135 1384.4 1.16 0.113 1426.9 1.26 0.029 1454.4 2.10 <0.001 

Treat*Depth 270 1385.4 1.01 0.459 1427.2 0.98 0.590 1454.5 1.20 0.023 

 

 

Figure 5.2 Sediment porewater profiles of laterally averaged sulfide concentrations 
with depth in jellyfish (black square), control (grey triangle), and procedural control 
(white circle) plots on day 1 (A), day 2 (B) and day 3 (C). Data are mean values of 
profiles (n=5) for each individual probe and error bars represent standard error. 
Negative depths denote distance above the sediment surface.  
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Figure 5.3 Two-dimensional distributions of sediment porewater sulfide concentrations 
in all five DGT probe replicates from the jellyfish treatment on day 3, along with an 
example from the control treatment. The example control represents the replicate 
control DGT probe with the highest recorded sulfide concentrations on day 3. The 
widths of the gels are 12-13 mm, and horizontal scale bars denote 2 mm increments. 
 

Macrofauna 

The addition of jellyfish to the sediment elicited changes to the macrofaunal 

community, and patterns between treatments changed over time (Table 5.3; Figure 

5.4A). Macrofaunal communities in jellyfish plots differed to those in procedural 

control plots but not control plots after one day (Table 5.3). During Day 2 and 3, 

however, macrofaunal communities in the jellyfish plots differed from both controls 

(Table 5.3). Communities in control plots and procedural control plots remained similar 

throughout the experiment (Table 5.3). Eight taxa were correlated (Pearson R value 

>0.5) to patterns observed in the macrofauna community data (Figure 5.4B). Three taxa 
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had patterns that were consistent with an effect of the jellyfish addition; one increased 

in abundance and two decreased. The taxon that contributed the most to differences 

between jellyfish treatments was the small whelk Nassarius burchardi. This whelk was 

often observed on the sediment surface underneath the jellyfish carrion. N. burchardi 

was more abundant in the jellyfish plots than both control treatments (Figure 5.5A), and 

the effect of the jellyfish addition on N. burchardi abundance was rapid as this pattern 

manifested on the first day and persisted through time (Table 5.4). Controls and 

procedural controls did not differ (Figure 5.5A). The two taxa that decreased in 

abundance with the addition of jellyfish were the polychaete families, Oweniidae and 

Capitellidae (Figure 5.5B, 5.5C, respectively). The abundances of both families were 

lower in the jellyfish plots than the controls, and the controls and procedural controls 

did not differ from each other for either taxa (Figure 5.5B, 5.5C). Other taxa that were 

correlated with patterns in the community data had varied responses to the addition of 

jellyfish, often with a lower abundance in the jellyfish treatment relative to the controls 

or procedural controls, but not lower relative to both control treatments. These taxa 

included two polychaete families, Syllidae and Spionidae, as well as Nemertea, 

Harpacticoida and Foraminifera. 
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Table 5.3 Results of PERMANOVA comparing macrofaunal assemblages between 
treatments over time, and pairwise comparisons of treatment within time. 

Source of variation df SS Pseudo-F p 

Treatment 2 5.448 3.038 <0.001 

Day 2 4.594 2.562 0.002 

Treatment* Day 4 5.661 1.578 0.011 

Res 36 32.281   

Pairwise comparisons   t p 

Day 1: Procedural Control vs. Control 1.017 0.391 

 Procedural Control vs. Jellyfish 1.353 0.016 

 Control vs. Jellyfish 1.267 0.064 

Day 2: Procedural Control vs. Control 0.987 0.542 

 Procedural Control vs. Jellyfish 1.735 0.023 

 Control vs. Jellyfish 1.533 0.026 

Day 3: Procedural Control vs. Control 1.419 0.067 

 Procedural Control vs. Jellyfish 1.480 0.024 

 Control vs. Jellyfish 1.763 0.025 
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Figure 5.4 Canonical analysis of principal coordinates (CAP) showing differences 
between the macrofaunal community in the jellyfish, control and procedural control 
plots over three days (A). Vector overlays (B) represent taxa correlations to the 
ordination axes with Pearson R values greater than 0.5. The length of the vector 
indicates the strength of the correlation. 
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Figure 5.5 Mean abundance (± standard error) of Nassarius burchardi (A), Oweniidae 
(B), and Capitellidae (C), in the jellyfish (black), control (grey) and procedural control 
(white) plots, summed over three days. Total volume of the cores was 2650 cm3. 
Horizontal lines indicate no significant difference between jellyfish treatments based on 
post-hoc tests. 
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Flux incubations 

The fluxes of all analytes varied between jellyfish treatments but patterns were not 

consistent through time (Table 5.5). Fluxes were the same in the jellyfish and control 

plots before the jellyfish were added at time 0 but then increased in the jellyfish 

treatment as the decomposition of the jellyfish progressed (Figure 5.6). Sediment 

oxygen demand (SOD) in the jellyfish plots reached a maximum of 5654 ± 481 µmol m-

2 h-1 at 50 hours but then decreased, and was less than twice the average control value of 

1730 ± 199 µmol m-2 h-1 by 72 hours (Figure 5.6). SOD in the control chambers 

remained consistently low throughout the experiment. SOD was higher in the jellyfish 

treatment relative to the controls at 44 hours and 64 hours after the addition of carrion 

(Figure 5.6). Fluxes of DOC showed similar patterns to those of SOD. They reached a 

maximum at 50 hours, and the jellyfish treatment was higher than the control at 44 and 

64 hours (Figure 5.6). DON production attained a maximum of 1907 ± 647 µmol m-2 h-1 

at 44 hours in the jellyfish plots and was higher than the control plots at 19 and 44 hours 

(Figure 5.6). Ammonium effluxes in the jellyfish plots were elevated for most of the 

experiment and reached a maximum at 50 hours of 1899 ± 163 µmol m-2 h-1 (Figure 

5.6). Ammonium fluxes were higher in the jellyfish treatment than the controls at 19, 44 

and 64 hours (Figure 5.6). By the final incubation at 72 hours, fluxes of all analytes in 

the jellyfish treatment had decreased, and did not differ from their original t=0 values. 
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Table 5.4 Results of two-way ANOVA comparing abundance of taxa between treatments over time. 

 
N. burchardi Oweniidae Capitellidae Syllidae Spionidae Nemertea Harpacticoida Foraminifera 

Source of variation 

df F p F p F p F p F p F p F p F p 

Treatment 2 12.49 <0.001 5.63 0.007 6.60 0.004 7.79 0.002 0.64 0.532 4.29 0.021 4.93 0.013 9.10 <0.001 

Time 2 3.09 0.058 1.91 0.162 0.58 0.563 1.85 0.172 6.07 0.005 2.20 0.126 1.09 0.346 4.85 0.014 

Time * Treat 4 0.34 0.851 0.77 0.550 0.47 0.758 3.60 0.014 0.33 0.857 3.01 0.031 0.91 0.468 1.13 0.284 

 
 
Table 5.5 Results of the linear mixed model comparing water-column fluxes of DO, DOC, DON and NH4

+ between treatments over 
time. 

 SOD DOC DON NH4
+ 

Source of variation Num. 

df 

Denom. 

df 
F p 

Denom. 

df 
F p 

Denom. 

df 
F p 

Denom. 

df 
F p 

Time 7 5.9 9.21 0.008 10.4 25.13 <0.001 9.7 7.37 0.003 4.6 75.19 <0.001 

Treatment 1 8.6 22.00 0.001 6.4 8.36 0.026 8.3 10.05 0.013 16.8 394.76 <0.001 

Time * Treat 3 7.8 5.48 0.025 11.1 7.08 0.006 6.5 6.61 0.021 11.7 115.46 <0.001 
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Figure 5.6 Water-column fluxes in jellyfish (black circle) and control (white circle) 
chambers of dissolved oxygen, expressed as sediment oxygen demand (SOD), dissolved 
organic carbon (DOC), dissolved organic nitrogen (DON), and ammonium (NH4

+). Data 
are mean values and error bars represent standard error. Asterisks denote significant 
differences between treatments. 

 

Discussion 

The input of gelatinous carrion to the benthos elicited rapid changes to all biological 

and biogeochemical parameters measured. Decomposition of C. mosaicus stimulated 

sediment oxygen demand, an efflux of carbon and nitrogen, and changed sediment 

redox conditions. The patterns in sediment biogeochemistry were consistent with 

changes observed in the macrofaunal assemblages, with some taxa decreasing in 

abundance. This highlights the importance of using a multidisciplinary approach, which 

can indicate potential underlying drivers of ecological patterns. This is also the first 

study to investigate the effect of the decomposition of carrion on sediment 
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biogeochemistry using DGT/DET probes, and demonstrates that they are effective tools 

for ecological applications. 

The jellyfish carrion had cascading effects on benthic biogeochemistry. The high 

demand for respiratory electron acceptors due to decomposition most likely created 

anoxic conditions in the surficial sediments below and around the jellyfish carcasses. 

This resulted in a shift towards anaerobic respiration as indicated by the accumulation 

of iron (II) and sulfide, the end-products of iron and sulfate reduction, in the sediment 

porewater. Over time, both porewater iron (II) and sulfide increased in concentration 

and their concentration maxima migrated closer to the sediment surface. The presence 

of the jellyfish may have also physically impeded the transfer of dissolved oxygen to 

the sediment (Lebrato et al. 2012), limiting the chemical and biological reoxidation of 

iron (II) and sulfide, allowing them to accumulate and diffuse towards the sediment 

surface (Middelburg & Levin 2009). 

The patterns in porewater iron (II) and sulfide concentrations over the three days of the 

experiment indicate that other biogeochemical processes may be co-occurring with 

anaerobic respiration. In the early stages of the decomposition process iron (II) 

accumulated in the sediment porewater and high porewater sulfide concentrations were 

only evident on the third day of the experiment. Whilst this may have resulted from the 

preferential use of iron (III) over sulfate as a respiratory electron acceptor, due to the 

greater energy yield of iron compared to sulfate reduction (Canfield et al. 2005), it may 

also reflect the multiple chemical interactions which occur between iron and sulfide. 

Sulfide can chemically reduce iron (III) generating iron (II) and elemental sulfur, and 

iron (II) and sulfide co-precipitate to form insoluble iron monosulfide (Azzoni et al. 

2001, Viaroli et al. 2004, Rickard 2006). Thus, the initial decrease in sulfide 
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concentrations may reflect an increase in the chemical reaction of sulfide with iron (III) 

thereby forming iron (II) and elemental sulfur, rather than lower sulfate reduction rates. 

The biogeochemical conditions created by the decomposing carcasses have implications 

for the benthic community because they can create less hospitable conditions for 

metazoan assemblages. Low oxygen conditions can be detrimental to the macrobenthos 

(Gray & Ying 2002), and sediment porewater sulfide concentrations, which reached up 

to 150 µmol L-1 beneath the carcass, were high enough to have potentially toxic effects 

on infauna (Bagarinao 1992). The presence of sulfide in combination with hypoxic and 

anoxic conditions can be particularly harmful to benthic organisms, reducing survival 

times by ~30% (Vaquer-Sunyer & Duarte 2010). Median lethal times in the presence of 

sulfide and low oxygen conditions can often be less than 72 hours, and below 10 hours 

for some sensitive species (Vaquer-Sunyer & Duarte 2010). The rapid decrease in 

abundance of some taxa beneath the jellyfish carrion may, therefore, be due to the 

combined effects of low oxygen and the presence of sulfide in the sediment porewater. 

The abundance of some taxa below the jellyfish carrion decreased, presumably from 

death or migration away from the changed sediment conditions. In particular, the 

decrease in Capitellidae abundance is noteworthy, as capitellid polychaetes can be 

abundant in areas with high organic enrichment (Pearson & Rosenberg 1978), although 

this may be due in part to their ability to rapidly recolonize rather than a tolerance for 

low oxygen conditions (Tsutsumi 1987). It is possible that if the experiment were 

longer, the initial decrease in capitellid abundance would be followed by a pulse in the 

abundance of this taxon and other opportunistic species (Kelaher & Levinton 2003). 

Only one taxa increased in abundance with the addition of the jellyfish; the carrion 

attracted the scavenging gastropod, N. burchardi (Britton & Morton 1991). A review of 

oxygen thresholds of benthic fauna found that gastropods had the lowest median lethal 
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oxygen thresholds (Vaquer-Sunyer & Duarte 2008). Furthermore, nassariid gastropods 

are known to commonly consume carrion (Britton & Morton 1991). N. burchardi was, 

therefore, probably able to consume the gelatinous material without being adversely 

affected by the inhospitable conditions below the jellyfish carrion due to behavioral or 

physiological adaptations. 

The impacts of the decomposing material may persist over a period of days, as indicated 

by the increased SOD and the release of DOC, DON and NH4
+ from the jellyfish, which 

reached maxima between 44 and 50 hours and remained elevated for 64 hours. SOD, in 

particular, would be likely to remain elevated even after the carrion had been 

remineralized due to the accumulated products of anaerobic mineralization such as Fe 

(II), sulfide and iron monosulfide in the sediment, which would eventually be 

biologically or chemically reoxidized by oxygen. Furthermore, the flux of DOC and 

DON to the water column would stimulate bacterioplankton production and respiration 

(Pitt et al. 2009, Condon et al. 2011), and the remineralization of organic nitrogenous 

compounds to inorganic nitrogen could support primary production (West et al. 2009b). 

The stimulation of bacterioplankton respiration in the water column could amplify the 

effects of the oxygen demand for benthic decomposition, and potentially contribute to 

more hypoxic conditions. 

The fluxes of analytes were consistent with those expected for a large surface input of 

labile, low C:N ratio organic matter (Sloth et al. 1995). There was a rapid rise and 

decline in SOD, and the release of nitrogen coincided with this flux. These concomitant 

changes indicated that most nutrients were mobilized to the environment rather than 

assimilated and retained by microbes, consistent with the decomposition of material 

with a low C:N ratio (Canfield et al. 2005). Nitrogen was largely recycled as primary 

mineralization products (DON & ammonium). This is also consistent with the 
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remineralization of organic material at the sediment surface, which allows these primary 

products of organic matter mineralization to rapidly efflux to the water column by 

diffusion before nitrification and subsequent denitrification can occur (Fenchel et al. 

1998). Most of the nitrogen produced during the remineralization of the jellyfish may, 

therefore, remain in the aquatic system in biologically available forms instead of being 

removed as N2, and could contribute to eutrophication (Seitzinger 1988). The release of 

the organic nitrogen was more prolonged than reported in the two other studies of 

jellyfish decomposition on the benthos, which used frozen gelatinous material (see 

Chelsky et al. 2015; West et al. 2009), rather than freshly killed jellyfish as the carrion. 

The rapid release of organic nutrients observed by West et al. (2009b) and Chelsky et al. 

(2015) was probably an artefact of freezing the jellyfish, which enhanced the leaching 

of organic nutrients due to physical damage to the jellyfish tissues during freezing and 

thawing. 

The DGT/DET probes enabled fine scale measurements of the changes to sediment 

porewater solutes as jellyfish detritus decomposed. Despite their efficacy, these passive 

samplers have rarely been used for ecological applications (Pagès et al. 2012, Pagès et 

al. 2014). Many conventional sampling techniques for iron (II) and sulfide, such as core 

slicing and porewater extraction by centrifugation, do not provide sufficient spatial 

resolution for interpreting biogeochemical processes that can occur on the millimeter 

scale (Robertson et al. 2009, Stockdale et al. 2009). Furthermore, these conventional 

sampling approaches result in the mixing of sediment porewater that was originally 

spatially separated in situ, potentially leading to reactions between solutes, such as co-

precipitation of iron and sulfide, which would result in an underestimation of both 

species (Robertson et al. 2008). The colorimetric DGT/DET techniques used in this 

study avoid these issues by measuring sediment porewater in situ at high resolution in 

two dimensions, thus capturing the sediment heterogeneity and accurate co-distributions 



104 
 

of porewater solutes (Bennett et al. 2012, Bennett et al. 2015). Fine scale variations in 

porewater solute concentrations were evident in the two-dimensional distributions of 

iron (II) and sulfide, as can be seen in the Day 3 sulfide distributions (Figure 5.3). As 

with other studies (e.g. Robertson et al. 2009), our data shows a high degree of spatial 

heterogeneity in the distributions of iron (II) and sulfide, and that shifts in these 

distributions are not uniform, but result from changes in the intensity and size of the 

sediment zones dominated by iron (II) and sulfide. This further reinforces the need for 

two dimensional, high resolution, in situ measurements that avoid disturbing the spatial 

distribution of solutes and thereby allow their potential ecological impacts to be better 

assessed. For example, our data show that even on the final day, large zones of the 

sediment in the jellyfish treatment remained sulfide-free and could potentially act as 

refugia that would allow infauna to survive the short-term impacts of jellyfish bloom 

collapses. 

The biogeochemical and biological effects of decomposing jellyfish could have impacts 

on an ecosystem level, especially when considered at the scale on which blooms can 

occur. C. mosaicus, in particular, often forms large blooms in semi-enclosed lagoons 

with limited mixing (Pitt & Kingsford 2000). A bloom in another Australian coastal 

lagoon, for example, attained the fourth largest biomass of a jellyfish bloom ever 

recorded (Pitt & Kingsford 2003, Lilley et al. 2011). The collapse of a bloom in a 

system like this could lead to hypoxic conditions in the water column and the 

widespread occurrence of sulfidic conditions in the sediment with impacts on infaunal 

communities such as those observed in this study. If jellyfish carcasses were to 

aggregate in particular areas due to the effects of currents, these impacts could result in 

mass faunal mortality over large areas, as has been observed during the collapse and 

decomposition of macroalgal blooms (Castel et al. 1996, Cloern 2001). 
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The decomposition of jellyfish carrion has major, albeit potentially short-term, 

implications for benthic biogeochemistry and faunal assemblages. Jellyfish carcasses 

have been observed at high densities on the benthos in several locations globally 

(Lebrato et al. 2012), however, the effect of this gelatinous material on benthic 

processes and communities has rarely been studied. The integrated approach used here, 

evaluating biogeochemistry and faunal assemblages, provides a more complete picture 

of decomposition effects than has been previously presented, and enables a better 

understanding of the ecosystem perturbations resulting from collapsed jellyfish blooms.   
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Chapter 6- Discussion 

Synthesis of key findings 

The collapse of jellyfish blooms can have major ecological and biogeochemical 

impacts. Despite representing a huge global biomass (Lucas et al. 2014), the study of 

post-bloom processes of jellyfish is still an emerging field of research. In this thesis, I 

investigated the pelagic and benthic decomposition of jellyfish carrion, the associated 

chemical fluxes, and the effects of decomposition on benthic fauna. Furthermore, I 

investigated how decomposition dynamics may change in the future with increasing 

temperature and ocean acidification. 

Models of jelly-falls conclude that jellyfish carcasses can be important for exporting 

carbon to the benthos, as part of the biological pump (Lebrato et al. 2011). Increasing 

temperature due to climate change has been predicted to accelerate rates of organic 

matter remineralisation and reduce the strength of the biological pump (Wohlers et al. 

2009). In Chapter 2, the effect of increasing temperature on rates of jellyfish 

decomposition was examined by measuring rates of nutrient, oxygen and carbon 

exchanges with the water column. Rates of oxygen consumption, and therefore 

microbial respiration, were temperature dependent, however production of dissolved 

carbon and nutrients were not. Despite increased rates of microbial respiration, the 

estimated overall quantity and quality of jellyfish biomass to reach the benthos did not 

change with temperature, and the majority of the original jellyfish carbon and nitrogen 

still remained even after six days. Due to the fast sinking rates of jellyfish (Lebrato et al. 

2013), the amount and quality of gelatinous material to flux to the benthos was not 

predicted to change dramatically with a 3°C increase in temperature. 
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The amount of jellyfish carrion to sink to the benthos can have significant implications 

for benthic communities, as it can provide a significant, albeit patchy, source of labile 

carbon. Underwater cameras have established that carrion can be scavenged by mobile 

epifauna (e.g. Sweetman & Chapman 2011, Sweetman et al. 2014b), however, the 

potential for jellyfish to be a food source for infaunal communities had not been studied. 

In Chapter 3, jellyfish carrion was confirmed as a food source for benthic bacterial and 

macrofaunal fjord communities. Jellyfish carrion elicited a consistent increase in the 

abundance of all bacterial marker lipids measured, with one exception, and a higher 

estimated total bacterial biomass. Time-lapse cameras also captured images of 

burrowing fauna rapidly subducting the gelatinous material. This study highlighted the 

importance of gelatinous carrion for the benthos and emphasised the need for 

investigations such as that undertaken in Chapter 2, which quantify how the overall flux 

and quality of jellyfish carrion sinking to the benthos may change in future. 

Investigations of climate change are increasingly using multiple stressor approaches that 

include both ocean acidification and warming, as these changes are occurring 

simultaneously. The finding in Chapter 2 that microbial respiration of jellyfish carrion 

increased with temperature, combined with studies which measured increased rates of 

microbial activity with acidification (Piontek et al. 2010, Piontek et al. 2013), indicated 

that jellyfish carrion may be rapidly degraded under end-of-century conditions. 

Decomposition under end-of-century conditions was investigated in Chapter 4, and rates 

of oxygen demand, and the release of carbon and nutrients, suggested that the 

decomposition process may remain largely unchanged by year 2100. The strong 

temperature dependence of microbial respiration measured in Chapter 2 suggested that 

acidification may have counteracted the effect of warming on rates of decomposition in 

Chapter 4. 
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Chapters 2 and 4 of this thesis showed that jellyfish decomposition can cause significant 

oxygen demand and nutrient fluxes, which probably have cascading effects on sediment 

biogeochemistry and faunal communities when decomposition proceeds on the benthos. 

In Chapter 5, the benthic decomposition of jellyfish carrion was investigated for the first 

time in situ. Fluxes of oxygen, nutrients, and carbon were consistent with the results of 

the laboratory manipulations in Chapters 2 and 4, although fluxes of DOC and DON 

remained elevated for longer. Porewater profiles elucidated using novel in situ 

DGT/DET samplers, showed that concentrations of iron (II) and sulphide increased 

towards the sediment surface over time, indicating that sediment conditions became 

more anaerobic and less hospitable for fauna. Consistent with this finding, the 

abundance of some taxa decreased with the addition of jellyfish carrion, however, one 

species of scavenging gastropod that was presumably directly feeding on the jellyfish 

tissue increased in abundance. The low oxygen environment created by jellyfish carrion 

probably caused the overall reduction in the abundance of benthic infauna. The species 

of gastropod that increased in abundance is known to consume carrion (Britton & 

Morton 1991), and gastropods typically have high tolerances for hypoxic conditions 

(Vaquer-Sunyer & Duarte 2008), therefore, it was probably less susceptible to the 

anaerobic sediment conditions.  

Collectively, the results of this thesis show that the decomposition of jellyfish blooms 

can have impacts on chemical fluxes in pelagic and benthic environments. Furthermore, 

the process of decomposition has cascading effects and can elicit changes to bacterial 

and metazoan assemblages. Ultimately, if jellyfish carrion sinks to the benthos in small 

quantities, benthic communities would probably benefit as it is a labile food source 

(Chapter 3). If, however, carrion sinks in quantities that exceed the amount that can be 

scavenged, the anaerobic conditions in the sediment due to remineralisation by bacteria 

can negatively affect fauna (Chapter 5). In future, the rates of decomposition may 
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remain largely unchanged (Chapters 2 & 4), however, potential increases in the 

frequency of blooms (Condon et al. 2013), coastal eutrophication, and low oxygen 

environments (Diaz & Rosenberg 2008), should also be considered in predictions of the 

ecosystem impacts of collapsed blooms. 

A limitation of this thesis was the use of frozen jellyfish in some experiments. The 

fluxes of nutrients from fresh jellyfish detritus measured in Chapter 5, confirmed the 

likelihood of a freezing artefact, as initial effluxes of organic nutrients were smaller but 

remained elevated for longer than those observed in studies using frozen material 

(Chapter 2 & 4, West et al. 2009b). Jellyfish are difficult to kill, and can pulse after 

being sectioned (Frost et al. 2012) or being stored at 4°C for several hours (E. West, 

pers. comm.). Freezing was chosen as the most effective method of sacrificing the 

jellyfish and had been used previously in studies of jellyfish decomposition (West et al. 

2009b, Tinta et al. 2012). It also created fewer artefacts than other methods available, 

such as homogenising the tissue (Tinta et al. 2010, Tinta et al. 2012), which artificially 

increases the surface area to volume ratio, or using liquid nitrogen, which disintegrates 

the tissue (pers. obs.). Furthermore, jellyfish often needed to be collected and preserved 

before experiments commenced, and freezing has fewer artefacts than chemical 

preservation. The prolonged fluxes of organic material observed in Chapter 5, however, 

suggest that the large initial fluxes of organic material from jellyfish carrion in Chapters 

2 and 4 may have been overestimations. 

A second limitation of this thesis was the lack of long-term experiments. While the 

short-term ecological and biogeochemical consequences of decomposing jellyfish 

blooms were investigated, some ecological responses may have taken longer to show 

measureable changes. In Chapter 5, for example, capitellids decreased in abundance 

beneath jellyfish carrion, however, if the experiment were run for longer (e.g. >30 
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days), the initial decrease may have been followed by a pulse in productivity of this 

taxon (Kelaher & Levinton 2003). Furthermore, ending the experiments after only a few 

days did not allow for the recovery of the system (i.e. the return to initial conditions) to 

be measured. Decomposing jellyfish caused significant short-term changes to sediment 

biogeochemistry and faunal assemblages, however, systems may recover quickly after 

the carrion has decomposed. The rate of recovery is important in determining the extent 

of the ecosystem perturbations caused by collapsed jellyfish blooms. 

A general perspective of post-bloom processes  

Understanding the ecosystem effects of collapsed jellyfish blooms is difficult because 

very little research has quantified the impacts of post-bloom processes. The few studies 

of the biogeochemistry of pelagic decomposition of jellyfish measured fluxes of carbon 

and nutrients in containers that had no water exchange (Titelman et al. 2006, Tinta et al. 

2010, Frost et al. 2012, Tinta et al. 2012). This approach allowed the products of 

decomposition and leaching to accumulate and be further remineralised by bacteria, 

from organic to inorganic forms. The experimental set-up in these studies also allowed 

bacterioplankton to accumulate and bloom, which would not occur in situ, as the 

microbial community would be rapidly diluted in the water column. These experiments, 

therefore, did not reflect real world conditions and would have caused erroneous 

conclusions regarding the biogeochemistry associated with the pelagic decomposition of 

jellyfish. The chamber incubations conducted in this thesis highlight how quickly 

jellyfish decomposition can deplete dissolved oxygen, however, three of the pelagic 

decomposition studies did not regularly measure DO or ensure that oxic conditions were 

maintained (Tinta et al. 2010, Frost et al. 2012, Tinta et al. 2012), which can also affect 

dynamics of the microbial community. The fluxes reported in this thesis may, therefore, 

provide a more realistic picture of the biogeochemistry of pelagic decomposition than 
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previously presented. The only study of benthic decomposition to precede this thesis 

(West et al. 2009b) observed similar patterns in fluxes of oxygen and nutrients as 

Chapters 4 and 5, although the high initial fluxes of dissolved organic material they 

measured were probably due to freezing. 

The summary of previous studies illustrates the gaps in knowledge that limited our 

understanding of jellyfish blooms once they collapse. This thesis has created a more 

comprehensive picture of the influence of jellyfish on nutrient cycling. Research to date 

has focussed primarily on live jellyfish (reviewed by Pitt et al., 2009), however, we now 

know that dead jellyfish can cause significant changes to nutrient cycles as well, and 

should not be overlooked. We therefore present a modified conceptual model of 

jellyfish and nutrient cycling which also includes jellyfish decomposition (Figure 6.1). 

The model now includes the release of dissolved organic and inorganic matter (DOM 

and DIM, respectively) from jellyfish carcasses both as they sink, and once they reach 

the benthos. While there can be some pelagic remineralisation and release of DOM and 

DIM in the water column (Chapter 2), most material probably sinks to the benthos, 

where the majority of remineralisation and DOM/DIM release occurs (Chapters 4 & 5). 

It is assumed that jellyfish carrion may also break apart as POM, which may reduce 

sinking rates and therefore increase residence time in the water column, however, this 

has not been quantified to date. 

This thesis has also examined, for the first time, the implications of the biogeochemical 

changes from decomposing jellyfish for benthic communities. Jellyfish carrion was 

shown to be beneficial for bacteria and at least some infauna (Chapters 3 & 5), however 

it can also create inhibitory sediment conditions (Chapter 5). In particular, Chapter 5 

confirmed the presence of iron (II) and sulphide below jellyfish carrion and that carrion 

could negatively impact infauna communities, as hypothesised by West et al. (2009b). 
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Figure 6.1 Conceptual model of jellyfish and their role in nutrient cycling, modified 
from Pitt et al. (2009) to include dead jellyfish. Solid red lines indicate contributions 
that were measured in this thesis, and dashed red lines indicate potential contributions 
from jellyfish carrion that have not been confirmed. The thicknesses of the lines 
indicate their relative contribution, however, relative proportions would vary depending 
on the depth of the water column and sinking speed. POM= particulate organic matter, 
DOM= dissolved organic matter, DIM= dissolved inorganic matter. 

 

Implications for regions experiencing changes in jellyfish abundance 

The rate of jellyfish decomposition is not predicted to change significantly by the end of 

the century (Chapters 2 & 4), however, some areas are experiencing changes in jellyfish 

abundance (Condon et al. 2013) and consequently, the biomass of moribund blooms 

may change in these areas as well. More severe effects are expected from larger inputs 

of jellyfish carrion due to potential water column hypoxia, more widespread inhibitory 

sediment conditions, and a larger proportion of impacted sediment area which may 
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make it difficult for fauna to migrate away. The benthos of areas with increasing 

jellyfish abundance, including the Sea of Japan (Uye 2008), the Irish Sea (Lynam et al. 

2011), and the North Atlantic Shelf (Gibbons & Richardson 2009), therefore, may 

experience more detrimental effects from blooms in the future. 

Increasing coastal eutrophication and the associated organic matter input to coastal 

systems has resulted in an increase in low oxygen areas, or ‘dead zones’ (Diaz & 

Rosenberg 2008). Some regions with increasing abundances of jellyfish coincide with 

areas that are already under hypoxic stress (Diaz & Rosenberg 2008, Condon et al. 

2013). An increase in organic matter input to these areas could, theoretically, push 

ecosystems beyond their thresholds for hypoxia, causing mass mortality, reducing their 

ability to recover, and making these areas more susceptible to further hypoxic events 

(Conley et al. 2009). Thus, areas with a concomitant increase in jellyfish and decrease 

in oxygen levels, may experience extensive, irreversible damage to benthic 

communities. 

Not all regions are experiencing increases in jellyfish abundance. In fact, in some 

regions populations of jellyfish are decreasing (Condon et al. 2013), including off the 

coast of Greenland (Pedersen & Smidt 2000) and in the northwestern Bering Sea 

(Zavolokin 2011). A decrease in the flux of carrion could have major implications for 

benthic communities as well. Jellyfish carrion can be a labile food source for bacteria 

and benthic fauna (Chapter 3) and may be especially important for the deep-sea which is 

often food-limited (Sweetman et al. 2014c). Decreases in the flux of gelatinous biomass 

to these areas could have negative consequences for fauna and reduce benthic biomass. 

Alternatively, if fluxes of gelatinous biomass are reduced in hypoxic systems, it could 

improve oxygen conditions and be beneficial for fauna. 
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Future directions for research 

While the biogeochemical changes from decomposition have been extensively 

examined in this thesis, decomposing blooms probably have broader ecosystem effects. 

In Chapters 2, 4, and 5, it was suggested that the fluxes of carbon and nutrients from 

decomposing jellyfish have the potential to link back to the pelagic food web. The 

release of dissolved organic and inorganic matter could stimulate bacterioplankton and 

phytoplankton, as Figure 6.1 suggests, and eventually fuel future blooms of jellyfish. 

These food-web links have been confirmed for living jellyfish (Pitt et al. 2009), but not 

for dead jellyfish. The link back to the pelagic food web may, in fact, be stronger with 

decomposing jellyfish, as they can release organic material at much faster rates than live 

jellyfish (Titelman et al. 2006), which could result in an accelerated stimulation of 

bacterioplankton and algae. A mesocosm approach, using different densities of carrion, 

could be used to investigate the links between jellyfish detritus and the pelagic 

environment along a gradient of gelatinous biomass. While small amounts of material 

may be beneficial for benthic fauna, high densities of jellyfish could negatively impact 

infaunal communities, but stimulate benthic bacteria, and link back to bacterioplankton 

and phytoplankton. 

The collapse of jellyfish blooms may have more prolonged effects on the benthic 

environment beyond the short-term changes measured in this thesis. Longer 

experiments investigating benthic decomposition of jellyfish could provide more 

information about the effects of carrion on fauna in particular, and whether there are 

positive long-term effects or persistent negative effects. If experiments were run for as 

long as a month, for example, there might be an increase in the abundance of some 

species of fauna in response to the pulse of organic matter (Kelaher & Levinton 2003). 

The amount of gelatinous material to sink to the benthos is probably a major factor in 
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determining the long-term effects of carrion on the benthos. Different amounts of 

jellyfish carrion could be added to experimental plots in situ to identify if there is a 

threshold of organic matter enrichment for benthic organisms, beyond which fauna are 

not found below carrion at all, even over extended time periods (Pearson & Rosenberg 

1978). 

There still remain many unknown factors regarding the fate of jellyfish carrion once 

blooms collapse. For example, the proportion of gelatinous material that is scavenged 

compared to decomposed has never been measured. Baited underwater cameras have 

confirmed that jellyfish carrion can be rapidly scavenged when an individual jellyfish 

sinks to the benthos (Sweetman et al. 2014c). However, observations of a layer of 

‘jellyfish slime’ on the seafloor 70 mm thick (Billett et al. 2006) indicate that in some 

circumstances the amount of carrion exceeds that which can be scavenged, resulting in 

the material being remineralised by bacteria. Furthermore, the relative proportion of 

material that accumulates on the benthos compared to the amount that is rapidly 

scavenged most likely depends on the system. The dynamics probably differ between 

deep-sea communities that are food limited, and coastal lagoons where carrion could 

accumulate and create hypoxic conditions. Ideally, relative rates of scavenging would 

be investigated by monitoring scavenging during a natural jelly-fall. This could be 

logistically difficult as it depends on a serendipitous mass-deposition event of jellyfish. 

Alternatively, underwater cameras could be deployed to measure scavenging rates of an 

experimental input of jellyfish carrion during late summer and autumn when blooms 

often disappear (Pitt et al. 2014). This approach would allow comparisons of 

scavenging rates to be made between environments that support blooming jellyfish. 
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Conclusion 

Jelly-falls can cause significant ecosystem perturbations. Accurately quantifying their 

biogeochemical effects is important for understanding potential drivers of ecological 

patterns. This thesis examined how jellyfish decomposition can impact the pelagic and 

benthic environment, and how rates of decomposition may change in the future. 

Decomposing jellyfish carrion rapidly releases large amounts of organic and inorganic 

nutrients and the associated microbial respiration depletes oxygen. On the large scale 

that blooms occur, these changes could stimulate bacterioplankton and pelagic 

production, but result in the mass mortality of benthic fauna. While rates of 

decomposition may not change drastically by the end of the century, increases to the 

amount of carrion and changes to the baseline oxygen conditions of areas where blooms 

collapse, could result in more severe effects from jelly-falls in the future. 

 



118 
 

 



119 
 

References 

Alldredge AL, Silver MW (1988) Characteristics, dynamics and significance of marine 
snow. Progress in oceanography 20:41-82 

Anderson M, Gorley R, Clarke K (2008) PERMANOVA+ for PRIMER: guide to 
software and statistical methods. Primer-E Ltd, Plymouth, United Kingdom 

APHA (1999) Standard Methods for the examination of water and wastewater, 20th ed. 
American Public Health Association, Washington, DC 

Arai MN (2005) Predation on pelagic coelenterates: a review. Journal of the Marine 
Biological Association of the United Kingdom 85:523-536 

Azzoni R, Giordani G, Bartoli M, Welsh DT, Viaroli P (2001) Iron, sulphur and 
phosphorus cycling in the rhizosphere sediments of a eutrophic Ruppia cirrhosa 
meadow (Valle Smarlacca, Italy). Journal of Sea Research 45:15-26 

Bagarinao T (1992) Sulfide as an environmental factor and toxicant: tolerance and 
adaptations in aquatic organisms. Aquatic Toxicology 24:21-62 

Beaulieu S (2002) Accumulation and fate of phytodetritus on the sea floor. 
Oceanography and Marine Biology, An Annual Review 40:171-232 

Bennett WW, Teasdale PR, Welsh DT, Panther JG, Jolley DF (2012) Optimization of 
colorimetric DET technique for the in situ, two-dimensional measurement of 
iron (II) distributions in sediment porewaters. Talanta 88:490-495 

Bennett WW, Welsh DT, Serriere A, Panther JG, Teasdale PR (2015) A colorimetric 
DET technique for the high-resolution measurement of two-dimensional 
alkalinity distributions in sediment porewaters. Chemosphere 119:547-552 

Billett DSM, Bett BJ, Jacobs CL, Rouse IP, Wigham BD (2006) Mass deposition of 
jellyfish in the deep Arabian Sea. Limnology and Oceanography 51:2077-2083 

Boschker H, De Brouwer J, Cappenberg T (1999) The contribution of macrophyte-
derived organic matter to microbial biomass in salt-marsh sediments: Stable 
carbon isotope analysis of microbial biomarkers. Limnology and Oceanography 
44:309-319 

Boschker H, Middelburg J (2002) Stable isotopes and biomarkers in microbial ecology. 
FEMS Microbiology Ecology 40:85-95 

Brinch-Iversen J, King G (1990) Effects of substrate concentration, growth state, and 
oxygen availability on relationships among bacterial carbon, nitrogen and 
phospholipid phosphorus content. FEMS Microbiology Letters 74:345-355 

Britton J, Morton B (1991) Are there obligate marine scavengers? In: Morton B (ed) 
The Marine Biology of the South China Sea Proceedings of the First 
International Conference on the Marine Biology of Hong Kong and the South 
China Sea, Book 2. Hong Kong University Press, Hong Kong 



120 
 

Buesseler KO (1998) The decoupling of production and particulate export in the surface 
ocean. Global Biogeochemical Cycles 12:297-310 

Caldeira K, Wickett ME (2003) Anthropogenic carbon and ocean pH. Nature 425:365-
365 

Canfield DE, Thamdrup B, Kristensen E (2005) Aquatic geomicrobiology. Elsevier 
Academic Press, San Diego, USA 

Castel J, Caumette P, Herbert R (1996) Eutrophication gradients in coastal lagoons as 
exemplified by the Bassin d'Arcachon and the Etang du Prevost. Hydrobiologia 
329:R9-R28 

Chelsky A, Pitt KA, Welsh DT (2015) Biogeochemical implications of decomposing 
jellyfish blooms in a changing climate. Estuarine, Coastal and Shelf Science 
154:77-83 

Chróst RJ (1991) Microbial enzymes in aquatic environments. Springer-Verlag, New 
York 

Cloern JE (1996) Phytoplankton bloom dynamics in coastal ecosystems: A review with 
some general lessons from sustained investigation of San Francisco Bay, 
California. Reviews of Geophysics 34:127-168 

Cloern JE (2001) Our evolving conceptual model of the coastal eutrophication problem. 
Marine Ecology Progress Series 210:223-253 

Condon RH, Duarte CM, Pitt KA, Robinson KL, Lucas CH, Sutherland KR, Mianzan 
HW, Bogeberg M, Purcell JE, Decker MB (2013) Recurrent jellyfish blooms are 
a consequence of global oscillations. Proceedings of the National Academy of 
Sciences of the United States of America 110:1000-1005 

Condon RH, Graham WM, Duarte CM, Pitt KA, Lucas CH, Haddock SH, Sutherland 
KR, Robinson KL, Dawson MN, Decker MB (2012) Questioning the rise of 
gelatinous zooplankton in the world's oceans. Bioscience 62:160-169 

Condon RH, Steinberg DK, Bronk DA (2010) Production of dissolved organic matter 
and inorganic nutrients by gelatinous zooplankton in the York River estuary, 
Chesapeake Bay. Journal of Plankton Research 32:153-170 

Condon RH, Steinberg DK, del Giorgio PA, Bouvier TC, Bronk DA, Graham WM, 
Ducklow HW (2011) Jellyfish blooms result in a major microbial respiratory 
sink of carbon in marine systems. Proceedings of the National Academy of 
Sciences of the United States of America 108:10225-10230 

Conley DJ, Carstensen J, Vaquer-Sunyer R, Duarte CM (2009) Ecosystem thresholds 
with hypoxia. Hydrobiologia 629:21-29 

Cussler EL (2009) Diffusion: mass transfer in fluid systems. Cambridge university press 

Diaz RJ, Rosenberg R (1995) Marine benthic hypoxia: a review of its ecological effects 
and the behavioural responses of benthic macrofauna. Oceanography and marine 
biology An annual review 33:245-203 



121 
 

Diaz RJ, Rosenberg R (2008) Spreading dead zones and consequences for marine 
ecosystems. Science 321:926-929 

Duarte CM (1990) Seagrass nutrient content. Marine Ecology Progress Series 67:201-
207 

Duarte CM (1995) Submerged aquatic vegetation in relation to different nutrient 
regimes. Ophelia 41:87-112 

Enriquez S, Duarte CM, Sandjensen K (1993) Patterns in decomposition rates among 
photosynthetic organisms - the importance of detritus C:N:P content. Oecologia 
94:457-471 

Fenchel T, King GM, Blackburn TH (1998) Bacterial biogeochemistry: the 
ecophysiology of mineral cycling. Academic Press, London 

Frost JR, Jacoby CA, Frazer TK, Zimmerman AR (2012) Pulse perturbations from 
bacterial decomposition of Chrysaora quinquecirrha (Scyphozoa: Pelagiidae). 
Hydrobiologia 690:247-256 

Gabrielson JO, Birch P, Hamel K (1983) Decomposition of Cladophora II. In vitro 
studies of nitrogen and phosphorus regeneration. Botanica marina 26:173-180 

Gibbons MJ, Richardson AJ (2009) Patterns of jellyfish abundance in the North 
Atlantic. Hydrobiologia 616:51-65 

Godshalk GL, Wetzel RG (1978) Decomposition of aquatic angiosperms. I. Dissolved 
components. Aquatic Botany 5:281-300 

Goldman JC (1980) Physiological processes, nutrient availability, and the concept of 
relative growth rate in marine phytoplankton ecology. In: Falkowski PG (ed) 
Primary productivity in the sea. Plenum Press, New York 

Goldman JC, Caron DA, Dennett MR (1987) Regulation of gross growth efficiency and 
ammonium regeneration in bacteria by substrate C-N ratio. Limnology and 
Oceanography 32:1239-1252 

Gooday A, Turley C (1990) Responses by benthic organisms to inputs of organic 
material to the ocean floor: a review. Philosophical Transactions of the Royal 
Society of London Series A, Mathematical and Physical Sciences 331:119-138 

Graf G (1992) Benthic-pelagic coupling: a benthic view. Oceanography and Marine 
Biology 30:149-190 

Gray JS, Ying Y (2002) Effects of hypoxia and organic enrichment on the coastal 
marine environment. Marine Ecology Progress Series 238:249-279 

Hald M, Salomonsen G, Husum K, Wilson L (2011) A 2000 year record of Atlantic 
Water temperature variability from the Malangen Fjord, northeastern North 
Atlantic. The Holocene 21:1049-1059 

Heiri O, Lotter AF, Lemcke G (2001) Loss on ignition as a method for estimating 
organic and carbonate content in sediments: reproducibility and comparability of 
results. Journal of paleolimnology 25:101-110 



122 
 

Jarms G, Tiemann H, Båmstedt U (2002) Development and biology of Periphylla 
periphylla (Scyphozoa: Coronatae) in a Norwegian fjord. Mar Biol 141:647-657 

Jeffreys R, Fisher E, Gooday A, Larkin K, Billett D, Wolff G (2015) The trophic and 
metabolic pathways of foraminifera in the Arabian Sea: evidence from cellular 
stable isotopes. Biogeosciences 12:1781-1797 

Jézéquel D, Brayner R, Metzger E, Viollier E, Prévot F, Fiévet F (2007) Two-
dimensional determination of dissolved iron and sulfur species in marine 
sediment pore-waters by thin-film based imaging. Thau lagoon (France). 
Estuarine, Coastal and Shelf Science 72:420-431 

Jones DO, Yool A, Wei CL, Henson SA, Ruhl HA, Watson RA, Gehlen M (2014) 
Global reductions in seafloor biomass in response to climate change. Global 
change biology 20:1861-1872 

Kelaher B, Levinton J (2003) Variation in detrital enrichment causes spatio-temporal 
variation in soft-sediment assemblages.  

Koroleff F (1969) Direct determination of ammonia in natural waters as indophenol 
blue. Int Con Explor Sea, CM C 9 

Kritzberg ES, Duarte CM, Wassmann P (2010) Changes in Arctic marine bacterial 
carbon metabolism in response to increasing temperature. Polar Biology 
33:1673-1682 

Lardicci C, Rossi F, Castelli A (1997) Analysis of macrozoobenthic community 
structure after severe dystrophic crises in a Mediterranean coastal lagoon. 
Marine Pollution Bulletin 34:536-547 

Lebrato M, de Jesus Mendes P, Steinberg DK, Cartes JE, Jones BM, Birsa LM, 
Benavides R, Oschlies A (2013) Jelly biomass sinking speed reveals a fast 
carbon export mechanism. Limnology and Oceanography 58:1113-1122 

Lebrato M, Jones DOB (2009) Mass deposition event of Pyrosoma atlanticum carcasses 
off Ivory Coast (West Africa). Limnology and Oceanography 54:1197-1209 

Lebrato M, Pahlow M, Oschlies A, Pitt KA, Jones DOB, Molinero JC, Condon RH 
(2011) Depth attenuation of organic matter export associated with jelly falls. 
Limnology and Oceanography 56:1917-1928 

Lebrato M, Pitt KA, Sweetman AK, Jones DO, Cartes JE, Oschlies A, Condon RH, 
Molinero JC, Adler L, Gaillard C (2012) Jelly-falls historic and recent 
observations: a review to drive future research directions. Hydrobiologia 
690:227-245 

Levin L, Blair N, DeMaster D, Plaia G, Fornes W, Martin C, Thomas C (1997) Rapid 
subduction of organic matter by maldanid polychaetes on the North Carolina 
slope. Journal of Marine Research 55:595-611 

Levin LA, Ekau W, Gooday AJ, Jorissen F, Middelburg JJ, Naqvi SWA, Neira C, 
Rabalais NN, Zhang J (2009) Effects of natural and human-induced hypoxia on 
coastal benthos. Biogeosciences 6:2063-2098 



123 
 

Lignell R, Heiskanen A, Kuosa H, Gundersen K, Kuuppo-Leinikki P (1993) Fate of a 
phytoplankton spring bloom: sedimentation and carbon flow in the planktonic 
food web in the northern Baltic. Marine Ecology Progress Series 94:239-252 

Lilley M, Beggs S, Doyle T, Hobson V, Stromberg K, Hays G (2011) Global patterns of 
epipelagic gelatinous zooplankton biomass. Mar Biol 158:2429-2436 

Lucas CH (1996) Population dynamics of Aurelia aurita (Scyphozoa) from an isolated 
brackish lake, with particular reference to sexual reproduction. Journal of 
Plankton Research 18:987-1007 

Lucas CH (2001) Reproduction and life history strategies of the common jellyfish, 
Aurelia aurita, in relation to its ambient environment. Hydrobiologia 451:229-
246 

Lucas CH, Jones DO, Hollyhead CJ, Condon RH, Duarte CM, Graham WM, Robinson 
KL, Pitt KA, Schildhauer M, Regetz J (2014) Gelatinous zooplankton biomass 
in the global oceans: geographic variation and environmental drivers. Global 
Ecology and Biogeography 

Lucas CH, Pitt KA, Purcell JE, Lebrato M, Condon RH (2011) What's in a jellyfish? 
Proximate and elemental composition and biometric relationships for use in 
biogeochemical studies. ESA Ecology 92:1704 

Lynam CP, Gibbons MJ, Axelsen BE, Sparks CAJ, Coetzee J, Heywood BG, Brierley 
AS (2006) Jellyfish overtake fish in a heavily fished ecosystem. Current Biology 
16:R492-R493 

Lynam CP, Lilley MKS, Bastian T, Doyle TK, Beggs SE, Hays GC (2011) Have 
jellyfish in the Irish Sea benefited from climate change and overfishing? Global 
Change Biology 17:767-782 

Manabe S, Stouffer RJ (1993) Century-scale effects of increased atmoshperic CO2 on 
the ocean-atmosphere system. Nature 364:215-218 

McCarthy MJ, McNeal KS, Morse JW, Gardner WS (2008) Bottom-water hypoxia 
effects on sediment-water interface nitrogen transformations in a seasonally 
hypoxic, shallow bay (Corpus christi bay, TX, USA). Estuaries and Coasts 
31:521-531 

Middelburg JJ, Levin LA (2009) Coastal hypoxia and sediment biogeochemistry. 
Biogeosciences 6:1273-1293 

Mora C, Wei C-L, Rollo A, Amaro T, Baco AR, Billett D, Bopp L, Chen Q, Collier M, 
Danovaro R, Gooday AJ, Grupe BM, Halloran PR, Ingels J, Jones DOB, Levin 
LA, Nakano H, Norling K, Ramirez-Llodra E, Rex M, Ruhl HA, Smith CR, 
Sweetman AK, Thurber AR, Tjiputra JF, Usseglio P, Watling L, Wu T, 
Yasuhara M (2013) Biotic and Human Vulnerability to Projected Changes in 
Ocean Biogeochemistry over the 21st Century. PLoS Biology 11:e1001682 

Olesen M, Lundsgaard C (1995) Seasonal sedimentation of autochthonous material 
from the euphotic zone of a coastal system. Estuarine Coastal and Shelf Science 
41:475-490 



124 
 

Pagès A, Grice K, Vacher M, Welsh DT, Teasdale PR, Bennett WW, Greenwood P 
(2014) Characterizing microbial communities and processes in a modern 
stromatolite (Shark Bay) using lipid biomarkers and two-dimensional 
distributions of porewater solutes. Environmental Microbiology 16:2458-2474 

Pagès A, Teasdale PR, Robertson D, Bennett WW, Schäfer J, Welsh DT (2011) 
Representative measurement of two-dimensional reactive phosphate 
distributions and co-distributed iron (II) and sulfide in seagrass sediment 
porewaters. Chemosphere 85:1256-1261 

Pagès A, Welsh DT, Robertson D, Panther JG, Schäfer J, Tomlinson RB, Teasdale PR 
(2012) Diurnal shifts in co-distributions of sulfide and iron (II) and profiles of 
phosphate and ammonium in the rhizosphere of Zostera capricorni. Estuarine, 
Coastal and Shelf Science 115:282-290 

Pearson T, Rosenberg R (1978) Macrobenthic succession in relation to organic 
enrichment and pollution of the marine environment. Oceanogr Mar Biol Ann 
Rev 16:229-311 

Pedersen AGU, Berntsen J, Lomstein BA (1999) The effect of eelgrass decomposition 
on sediment carbon and nitrogen cycling: A controlled laboratory experiment. 
Limnology and Oceanography 44:1978-1992 

Pedersen S, Smidt E (2000) Zooplankton distribution and abundance in West Greenland 
waters, 1950–1984. Journal of Northwest Atlantic Fishery Science 26:45-102 

Percival J, Lindsay P (1997) Measurement of physical properties of sediments. In: 
Mudroch A, Azcue J, Mudroch P (eds) Manual of physico-chemical analysis of 
aquatic sediments. CRC Press, Inc, Florida, USA 

Piontek J, Borchard C, Sperling M, Schulz KG, Riebesell U, Engel A (2013) Response 
of bacterioplankton activity in an Arctic fjord system to elevated pCO2: results 
from a mesocosm perturbation study. Biogeosciences 10:297-314 

Piontek J, Handel N, Langer G, Wohlers J, Riebesell U, Engel A (2009) Effects of 
rising temperature on the formation and microbial degradation of marine diatom 
aggregates. Aquatic Microbial Ecology 54:305-318 

Piontek J, Lunau M, Handel N, Borchard C, Wurst M, Engel A (2010) Acidification 
increases microbial polysaccharide degradation in the ocean. Biogeosciences 
7:1615-1624 

Pitt KA, Budarf AC, Browne JG, Condon RH (2014) Bloom and bust: why do blooms 
of jellyfish collapse? In: Pitt KA, Lucas CH (eds) Jellyfish Blooms. Springer 

Pitt KA, Kingsford M (2000) Geographic separation of stocks of the edible jellyfish 
Catostylus mosaicus (Rhizostomeae) in New South Wales, Australia. Marine 
Ecology Progress Series 196:143-155 

Pitt KA, Kingsford MJ (2003) Temporal variation in the virgin biomass of the edible 
jellyfish, Catostylus mosaicus (Scyphozoa, Rhizostomeae). Fisheries Research 
63:303-313 



125 
 

Pitt KA, Welsh DT, Condon RH (2009) Influence of jellyfish blooms on carbon, 
nitrogen and phosphorus cycling and plankton production. Hydrobiologia 
616:133-149 

Quinn GP, Keough MJ (2002) Experimental design and data analysis for biologists. 
Cambridge University Press 

Rabalais NN, Turner RE, Diaz RJ, Justic D (2009) Global change and eutrophication of 
coastal waters. Ices Journal of Marine Science 66:1528-1537 

Rajendran N, Matsuda O, Urushigawa Y, Simidu U (1994) Characterization of 
microbial community structure in the surface sediment of Osaka Bay, Japan, by 
phospholipid fatty acid analysis. Applied and environmental microbiology 
60:248-257 

Rajendran N, Suwa Y, Urushigawa Y (1993) Distribution of phospholipid ester-linked 
fatty acid biomarkers for bacteria in the sediment of Ise Bay, Japan. Marine 
chemistry 42:39-56 

Redfield AC (1963) The influence of organisms on the composition of sea water. The 
sea:26-77 

Rickard D (2006) The solubility of FeS. Geochimica Et Cosmochimica Acta 70:5779-
5789 

Rivkin RB, Legendre L (2001) Biogenic carbon cycling in the upper ocean: Effects of 
microbial respiration. Science 291:2398-2400 

Robertson D, Teasdale PR, Welsh DT (2008) A novel gel-based technique for the high 
resolution, two-dimensional determination of iron (II) and sulfide in sediment. 
Limnology and Oceanography Methods 6:502-512 

Robertson D, Welsh DT, Teasdale PR (2009) Investigating biogenic heterogeneity in 
coastal sediments with two-dimensional measurements of iron (II) and sulfide. 
Environmental Chemistry 6:60-69 

Ruhl HA, Ellena JA, Smith KL (2008) Connections between climate, food limitation, 
and carbon cycling in abyssal sediment communities. Proceedings of the 
National Academy of Sciences of the United States of America 105:17006-
17011 

Sarmiento JL, Hughes TMC, Stouffer RJ, Manabe S (1998) Simulated response of the 
ocean carbon cycle to anthropogenic climate warming. Nature 393:245-249 

Seitzinger SP (1988) Denitrification in freshwater and coastal marine ecosystems: 
ecological and geochemical significance. Limnology and Oceanography 33:702-
724 

Sloth N, Blackburn H, Hansen LS, Risgaard-Petersen N, Lomstein BA (1995) Nitrogen 
cycling in sediments with different organic loading. Oceanographic Literature 
Review 42 



126 
 

Smith CR, De Leo FC, Bernardino AF, Sweetman AK, Arbizu PM (2008) Abyssal food 
limitation, ecosystem structure and climate change. Trends in Ecology & 
Evolution 23:518-528 

Solomon S, Climático GIdEseC (2007) Climate change 2007: the physical science 
basis. University Press 

Sørnes TA, Aksnes DL, Bamstedt U, Youngbluth MJ (2007) Causes for mass 
occurrences of the jellyfish Periphylla periphylla: a hypothesis that involves 
optically conditioned retention. Journal of Plankton Research 29:157-167 

Stockdale A, Davison W, Zhang H (2009) Micro-scale biogeochemical heterogeneity in 
sediments: A review of available technology and observed evidence. Earth-
Science Reviews 92:81-97 

Stocker TF, Qin D, Plattner G-K, Tignor M, S. K. Allen, Boschung J, Nauels A, Xia Y, 
Bex V, Midgley PM (eds) (2013) IPCC, 2013: Summary for Policymakers. 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, 
USA 

Sweetman AK, Chapman A (2011) First observations of jelly-falls at the seafloor in a 
deep-sea fjord. Deep-Sea Research Part I Oceanographic Research Papers 
58:1206-1211 

Sweetman AK, Norling K, Gunderstad C, Haugland BT, Dale T (2014a) Benthic 
ecosystem functioning beneath fish farms in different hydrodynamic 
environments. Limnology and Oceanography 59:1139-1151 

Sweetman AK, Smith CR, Dale T, Jones DOB (2014c) Rapid scavenging of jellyfish 
carcasses reveals the importance of gelatinous material to deep-sea food webs. 
Proceedings of the Royal Society B: Biological Sciences 281 

Teasdale PR, Hayward S, Davison W (1999) In situ, high-resolution measurement of 
dissolved sulfide using diffusive gradients in thin films with computer-imaging 
densitometry. Analytical chemistry 71:2186-2191 

Tinta T, Kogovšek T, Malej A, Turk V (2012) Jellyfish modulate bacterial dynamic and 
community structure. PloS one 7:e39274 

Tinta T, Malej A, Kos M, Turk V (2010) Degradation of the Adriatic medusa Aurelia sp 
by ambient bacteria. Hydrobiologia 645:179-191 

Titelman J, Riemann L, Sornes TA, Nilsen T, Griekspoor P, Bamstedt U (2006) 
Turnover of dead jellyfish: stimulation and retardation of microbial activity. 
Marine Ecology Progress Series 325:43-58 

Tsutsumi H (1987) Population dynamics of Capitella capitata (Polychaeta; Capitellidae) 
in an organically polluted cove. Mar Ecol Prog Ser 36:139-149 

Uye S-i (2008) Blooms of the giant jellyfish Nemopilema nomurai: a threat to the 
fisheries sustainability of the East Asian Marginal Seas. Plankton & Benthos 
Research 3:125-131 

Valiela I (1995) Marine ecological processes. Springer-Verlag, New York 



127 
 

Valiela I, McClelland J, Hauxwell J, Behr PJ, Hersh D, Foreman K (1997) Macroalgal 
blooms in shallow estuaries: Controls and ecophysiological and ecosystem 
consequences. Limnology and Oceanography 42:1105-1118 

Vaquer-Sunyer R, Duarte CM (2008) Thresholds of hypoxia for marine biodiversity. 
Proceedings of the National Academy of Sciences of the United States of 
America 105:15452-15457 

Vaquer-Sunyer R, Duarte CM (2010) Sulfide exposure accelerates hypoxia-driven 
mortality. Limnology and Oceanography 55:1075 

Vestal JR, White DC (1989) Lipid analysis in microbial ecology. Bioscience:535-541 

Viaroli P, Bartoli M, Bondavalli C, Naldi M (1995) Oxygen fluxes and dystrophy in a 
coastal lagoon colonized by Ulva rigida(Sacca di Goro, Po River Delta, northern 
Italy). Fresenius Environmental Bulletin 4:381-386 

Viaroli P, Bartoli M, Giordani G, Magni P, Welsh DT (2004) Biogeochemical 
indicators as tools for assessing sediment quality/vulnerability in transitional 
aquatic ecosystems. Aquatic Conservation: Marine and Freshwater Ecosystems 
14:S19-S29 

Volk T, Hoffert MI (1985) Ocean carbon pumps: Analysis of relative strengths and 
efficiencies in ocean-driven atmospheric CO2 changes. Geophysical Monograph 
Series 32:99-110 

Wafar S, Untawale AG, Wafar M (1997) Litter Fall and Energy Flux in a Mangrove 
Ecosystem. Estuarine, Coastal and Shelf Science 44:111-124 

Wakeham SG, Lee C, Farrington JW, Gagosian RB (1984) Biogeochemistry of 
particulate organic matter in the oceans: results from sediment trap experiments. 
Deep Sea Research Part A Oceanographic Research Papers 31:509-528 

Wassmann P (1984) Sedimentation and benthic mineralization of organic detritus in a 
Norwegian fjord. Mar Biol 83:83-94 

Wassmann P, Svendsen H, Keck A, Reigstad M (1996) Selected aspects of the physical 
oceanography and particle fluxes in fjords of northern Norway. Journal of 
Marine Systems 8:53-71 

Wei C-L, Rowe GT, Escobar-Briones E, Boetius A, Soltwedel T, Caley MJ, Soliman Y, 
Huettmann F, Qu F, Yu Z (2010) Global patterns and predictions of seafloor 
biomass using random forests. PLoS One 5:e15323 

Welsh DT, Bartoli M, Nizzoli D, Castaldelli G, Riou SA, Viaroli P (2000) 
Denitrification, nitrogen fixation, community primary productivity and 
inorganic-N and oxygen fluxes in an intertidal Zostera noltii meadow. Marine 
Ecology Progress Series 208:65-77 

West EJ, Pitt KA, Welsh DT, Koop K, Rissik D (2009a) Top-down and bottom-up 
influences of jellyfish on primary productivity and planktonic assemblages. 
Limnology and Oceanography 54:2058-2071 



128 
 

West EJ, Welsh DT, Pitt KA (2009b) Influence of decomposing jellyfish on the 
sediment oxygen demand and nutrient dynamics. Hydrobiologia 616:151-160 

White PA, Kalff J, Rasmussen JB, Gasol JM (1991) The effect of temperature and algal 
biomass on bacterial production and specific growth rate in freshwater and 
marine habitats. Microbial Ecology 21:99-118 

Wohlers J, Engel A, Zollner E, Breithaupt P, Jurgens K, Hoppe HG, Sommer U, 
Riebesell U (2009) Changes in biogenic carbon flow in response to sea surface 
warming. Proceedings of the National Academy of Sciences of the United States 
of America 106:7067-7072 

Yamamoto J, Hirose M, Ohtani T, Sugimoto K, Hirase K, Shimamoto N, Shimura T, 
Honda N, Fujimori Y, Mukai T (2008) Transportation of organic matter to the 
sea floor by carrion falls of the giant jellyfish Nemopilema nomurai in the Sea of 
Japan. Mar Biol 153:311-317 

Youngbluth MJ, Bamstedt U (2001) Distribution, abundance, behavior and metabolism 
of Periphylla periphylla, a mesopelagic coronate medusa in a Norwegian fjord. 
Hydrobiologia 451:321-333 

Zavolokin A (2011) Jellyfish of the far eastern seas of Russia. 3. Biomass and 
abundance. Russian Journal of Marine Biology 37:579-593 

 


	Chelsky Edited Thesis 27.03.15
	Chelsky Edited Thesis 27.03.15.2
	Chelsky Edited Thesis 27.03.15.3
	Chelsky Edited Thesis 27.03.15.4
	Chelsky Edited Thesis 27.03.15.5
	Chelsky Edited Thesis 27.03.15.6
	Chelsky Edited Thesis 27.03.15.7

