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General Abstract 

Gelatinous zooplankton are a natural and globally important group of 

marine organisms, as they provide regulating, provisioning and supporting 

services to ecosystems. However, gelatinous zooplankton are still a major 

issue for human activities in several parts of the world, and there is concern 

that in these regions, the abundance of gelatinous zooplankton may be 

increasing over time. Added uncertainty comes from the lack of information 

for the abundance of gelatinous zooplankton at a regional level, particularly 

in offshore waters, and for gelatinous mesozooplankton that are < 2 cm in 

size. This thesis sought to improve these knowledge gaps by generating two 

decade-long datasets for the abundance and diversity of two poorly 

represented groups of gelatinous zooplankton in the Celtic Seas region of 

the North East Atlantic (NEA), using fisheries surveys as a research 

platform. 

To generate baseline information for gelatinous mesozooplankton species in 

the Celtic Seas, we identified two fisheries research surveys that were 

actively collecting zooplankton samples in the region, that could be re-

analysed for gelatinous mesozooplankton. However, the net methods used to 

sample zooplankton on the two types of fisheries survey were different. To 

evaluate whether each net type (i.e. a Gulf VII sampler and a ring net) 

estimated the abundance and diversity of gelatinous mesozooplankton 

similarly, simultaneous deployments of the Gulf VII and ring net were made 

at 15 sites in July 2017 in Irish and UK shelf waters, and their gelatinous 

catches were compared. The difference in the estimates of gelatinous 

mesozooplankton abundance and taxon richness of the Gulf VII and the ring 

net samples were not significant. This confirmed that zooplankton samples 

from these two fisheries surveys could be re-analysed to generate a novel 

long-term data set for gelatinous mesozooplankton in the Celtic Seas. 

Using zooplankton samples from the two aforementioned fisheries surveys, 

species abundance data was generated for gelatinous mesozooplankton in 

the Celtic Sea for seven summers over a 13-year period (2007 – 2019). 
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Total abundance was highly variable each summer, but did not increase or 

decrease linearly over time. However, subtle compositional changes 

occurred interannually, including a gradual shift in the abundance ratio of 

two siphonophore species Muggiaea atlantica and Agalma elegans. 

Holoplanktonic species dominated the abundance of the gelatinous 

mesozooplankton community (93.27%) and their abundance was negatively 

associated with sea surface temperature in July (represented by the position 

of the 16°C isotherm), and this was underpinned by natural climate 

variability (represented by the Eastern Atlantic Pattern index). Importantly, 

these findings suggest that gelatinous mesozooplankton abundance in the 

Celtic Sea may be lower as a consequence of future ocean warming.  

The aggregations of one oceanic jellyfish, Pelagia noctiluca, have 

negatively affected the aquaculture industry in the NEA, especially in 

Ireland and Scotland. Despite this, there is very little long-term information 

for their abundance and distribution in the NEA. To investigate the 

frequency and scale of P. noctiluca aggregations in this region, we collected 

semi-quantitative data for this species from an autumn-winter fisheries 

survey, which deployed 1,948 trawls over 11 years (2008 – 2018) covering 

most of the Celtic Seas. P. noctiluca was present on the Irish shelf in every 

year of the study (which is much higher than the historical record), and large 

aggregations of this warm-temperate species occurred in 5 of 11 years, as 

isolated events. When aggregations occurred, the highest by-catch density 

was recorded in the northern Irish shelf (maximum catch of P. noctiluca was 

195 kg in 2009). P. noctiluca occurrence and abundance was related to wind 

patterns and two modes of hydroclimatic variability (the North Atlantic 

Oscillation index and the Eastern Atlantic Pattern index), which could 

reflect changes in advective processes that transport offshore populations 

onto the Irish shelf. A recent increase in the occurrence of P. noctiluca 

detected in the present work may pose a rising threat to coastal enterprise in 

the North East Atlantic, namely the aquaculture industry. 
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Together, the present work revealed that different groups of gelatinous 

zooplankton species displayed different trends in abundance over time in the 

NEA, and this was likely a result of differences in specific biological traits 

such as life history type, geographical distribution and temperature 

preference. The diversity of trends (and associated mechanisms) described 

here further emphasises the complexity and diversity of gelatinous 

zooplankton, and the need to study this group of organisms at a high 

taxonomic resolution and over regional or sub-regional scales. 
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Chapter 1:   

 

General Introduction 

Gelatinous zooplankton (planktonic organisms with a water content greater 

than 95%) are a natural and important component of marine ecosystems 

(Boero et al. 2008; Hamner and Dawson 2009; Condon et al. 2012; Lucas et 

al. 2014). However, gelatinous zooplankton have had negative impacts on 

several human activities in many parts of the world, and there is concern 

that the frequency of these interactions may be increasing in some regions 

(Richardson et al. 2009; Purcell 2012; Boero et al. 2016). Two important 

characteristics of gelatinous zooplankton from a socio-economic 

perspective, is the ability of some species to form abrupt aggregations in 

coastal waters (i.e. swarms or blooms; Boero et al. 2008; Hamner and 

Dawson 2009), and the fact that some of these species can also sting 

(pelagic cnidarians; Sabatés et al. 2010; Purcell et al. 2014). Between 2004 

and 2010 in the Mediterranean Sea, annual reports of jellyfish stings 

requiring medical attention were typically 2000 – 5000 a year per region, 

but peaks of 14,000 cases in southern Spain (2006) and 45,000 cases along 

the coast of Monaco (2004) have also been reported (Canepa et al. 2014). A 

similar number of annual cases from jellyfish stings were reported in several 

tropical regions in South-East Asia in the 2000s (reviewed in Purcell et al. 

2007). Jellyfish aggregations may deter tourists from visiting coastal regions 

in these areas during certain times of the year, or force beach closures, 

which incur significant losses for coastal economies around the world 

(CIESM 2001). 

Jellyfish aggregations also have direct and indirect effects on global 

fisheries. When jellyfish are by-caught in fisheries nets, they can reduce the 

value of the catch, slow down fishing operations and sting fishermen 

(Purcell et al. 2007). In some extreme cases, the jellyfish by-catch can clog 

and burst fishing nets or capsize small fishing vessels (Canepa et al. 2014; 

Bosch-Belmar et al. 2020). The natural role of jellyfish as predators and 

competitors of some commercial fish species can also indirectly affect 
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fisheries by reducing fish recruitment (Purcell et al. 2014). One growing 

sector that has had recent problems with jellyfish blooms is finfish 

aquaculture (Purcell et al. 2013). Aggregations of large jellyfish (such as 

scyphozoans) can clog aquaculture pens and cause fish mortalities by 

reducing the oxygen content in the pen (Doyle et al. 2008). Smaller species 

(e.g. Hydrozoa) pass through pens and can either injure or kill fish by 

damaging their gills (i.e. haemorrhage, necrosis and oedema) (Marcos-

López et al. 2014; Bosch-Belmar et al. 2020). Gill injury can also lead to 

secondary infections, caused by bacteria such as Tenacibaculum maritimum, 

which some jellyfish are natural carriers of (Delannoy et al. 2011; Clinton et 

al. 2020). Scyphozoan jellyfish blooms have also caused issues for the 

energy production industry (forced shutdowns, power reduction) since the 

1960s, by clogging rotary screens which filter the water entering coolant 

systems in power stations (Purcell et al. 2007). Overall, there is a clear 

economic importance of gelatinous zooplankton, and these impacts have 

spurred researchers to better understand the cause and fate of gelatinous 

zooplankton aggregations around the world (Brotz et al. 2012; Condon et al. 

2013; Lucas et al. 2014). 

Coupled with the clear importance of gelatinous zooplankton aggregations 

from a socio-economic standpoint, for most of the 20th Century many 

gelatinous species were considered as “trophic dead ends” that ultimately 

reduced the transfer of carbon to higher organisms in marine food webs 

(Richardson et al. 2009). Over the past three decades however, a surge of 

ecological research has revealed that gelatinous zooplankton have a more 

nuanced role in marine food webs as they provide regulating, provisioning 

and supporting services to ecosystems (reviewed in Doyle et al. 2014). 

Large aggregations of pelagic tunicates graze on a wide range of organisms 

from large diatoms to particulate organic matter and microbes (Holland 

2016). Many thaliaceans produce dense faecal pellets (especially salps), 

which rapidly sink to the seabed and may be a major source of organic 

carbon transported to depth (Madin 1982; Wieczorek et al. 2019). When 

bloom conditions subside, large mortality events known as ‘jellyfish falls’ 

can occur, and aggregations of gelatinous carcasses on the seabed can also 
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transfer large amounts of organic carbon to benthic communities (Lebrato et 

al. 2012). 

Pelagic cnidarians and ctenophores are voracious predators, and in bloom 

conditions they can graze heavily on zooplankton populations, including 

crustacean zooplankton, other gelatinous zooplankton and the eggs and 

larvae of several fish species (Purcell 1991; Sabatés et al. 2010; Purcell et 

al. 2014; Tilves et al. 2016). However, the use of modern technologies (e.g. 

DNA analysis, stable isotope analysis and ROVs) have revealed that many 

gelatinous zooplankton species are predated upon by a range of marine 

organisms (reviewed in Hays et al. 2018). These species include sea birds 

(Byrkjedal and Langhelle 2019), deep sea octopus (Hoving and Haddock 

2017), green turtles (Smolowitz et al. 2015), several other apex predators 

(Cardona et al. 2012) and over 100 species of fish (Pauly et al. 2009; Lamb 

et al. 2017, 2019). In fact, the predation of appendicularians by larval tuna 

(Llopiz et al. 2010) and larval flatfish (Last 1978) represents the direct 

transportation of carbon from the microbial loop to the animal food web, 

which is a rare energy pathway between these trophic guilds (Doyle et al. 

2014; Hays et al. 2018). It is also well documented that some 

scyphomedusae (e.g. Cyanea spp., Chrysaora spp. and Rhizostoma spp.) 

provide food and shelter for some species of juvenile pelagic fish, an 

additional trophic interaction which may enhance the survival rate of these 

fish species (Graham et al., 2014; Doyle et al. 2014). 

Despite the growing appreciation of the ecological importance of gelatinous 

zooplankton, increased reports of negative impacts between gelatinous 

zooplankton and human activities has raised concerns that they are 

becoming more abundant in recent decades (reviewed in Richardson et al. 

2009). In the East Asian Marginal Seas, recent frequent jellyfish blooms 

(including the giant jellyfish Nomuria nomuria) have been linked to several 

anthropogenic factors including eutrophication, overfishing, habitat 

modification and climate change (Dong et al. 2010). In the Mediterranean 

Sea, the frequency of jellyfish blooms naturally fluctuate between years of 

high abundance and years of low abundance (Goy et al. 1989). However, 
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this periodicity has shortened in recent decades in certain areas in 

accordance with a low-frequency increase in regional sea surface 

temperature since the mid-1980s and a long history of human exploitation 

there (Daly-Yahia et al. 2010; Kogovšek et al. 2010; Boero et al. 2016). The 

composition of jellyfish in the Mediterranean is also changing, as warming 

sea temperatures have allowed several tropical jellyfish species to establish 

populations in the south-eastern Mediterranean (most recently Chrysaora 

pseudoocellata (Mutlu et al. 2020). An opposing situation exists in the 

Bering Sea, where Brodeur et al. (2008) and Decker et al. (2014) have 

shown how the abundance and distribution of jellyfish (mainly Chrysaora 

melanaster) fluctuate in concert with natural changes in the regional climate 

(sea surface temperature, sea ice cover and wind mixing) which occur every 

~10 years. In fact, natural climate variability is the most important driver of 

trends in the abundance of scyphozoan jellyfish in several other regions too, 

including the North Sea (Lynam et al. 2004; Lynam, Hay, et al. 2005), the 

U.S. east coast (Purcell and Decker 2005) and the Ligurian Sea (Molinero et 

al. 2005).  

From the surge of research into the trends of gelatinous zooplankton 

abundance around the world in the past three decades, our understanding of 

the causes of jellyfish aggregations are now more robust. Specifically, the 

idea of a monotonic global increase in jellyfish abundance in response to 

anthropogenic influences (Richardson et al. 2009) may have been an 

oversimplification of the processes involved (Condon et al. 2012, 2013; 

Lucas et al. 2014). More recent analyses of jellyfish time series have shown 

that the frequency of blooms are influenced by regional differences in 

species, climate, oceanography and degree of anthropogenic impact 

(Condon et al. 2013; Lucas et al. 2014). On a global scale, it is evident that 

several anthropogenic and natural modes of environmental variability 

interact, and some may act synergistically to affect the periodicity of 

jellyfish aggregations (Purcell 2012). A complex set of drivers best 

explained the interannual variability of gelatinous zooplankton abundance in 

relation to ecosystem-wide shifts in regions such as the North Sea (Kirby et 
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al. 2009), the Irish Sea (Lynam et al. 2011) and the Black Sea (Oguz and 

Gilbert 2007). 

Although our understanding of the interannual variability of gelatinous 

zooplankton abundance has improved substantially in a global context, one 

region that requires more information for gelatinous zooplankton is offshore 

waters of the North East Atlantic (NEA) (Gibbons and Richardson 2009). 

This is especially true as dramatic shifts have been observed in the 

abundance, composition and the distribution of several trophic guilds in the 

NEA over the past 50 years (phytoplankton, crustacean zooplankton, fish, 

seabirds, marine mammals) (Beaugrand 2009; Bindoff et al. 2019; Edwards 

et al. 2020). However, comparatively little research has investigated trends 

in the abundance of gelatinous zooplankton in the NEA, mainly due to the 

lack of available sources of quantitative data (Gibbons and Richardson 

2009).  

Some of the only quantitative data for gelatinous zooplankton in offshore 

NEA waters is that of scyphozoan jellyfish, as they have had the most 

substantial negative impacts on human activities in the NEA (Lynam, 

Heath, et al. 2005; Doyle et al. 2008, 2017; Baxter et al. 2011; Lynam et al. 

2011; Rodger et al. 2011; Purcell et al. 2013; Bosch-Belmar et al. 2020). 

Most of these data come from species that are by-caught in large pelagic and 

demersal nets that are deployed routinely during fisheries research surveys 

(Lynam et al. 2004; Lynam, Hay, et al. 2005; Lynam et al. 2011). Using 

fisheries by-catch data in the Irish Sea, Lynam et al. (2011) revealed that an 

increase in the abundance of scyphomedusae over a decade was associated 

with low-frequency changes in sea surface temperature (SST), spring 

precipitation and the North Atlantic Oscillation (NAO) index. A shift in the 

NAO index to positive values in the latter half of their study favoured higher 

regional SST and lower spring precipitation, which may have increased the 

rate or duration of strobilation and increased the development speed of 

newly-liberated ephyrae. Furthermore, jellyfish in the Irish Sea may have 

also benefitted from overfishing, as the decadal increase in jellyfish 

abundance coincided with a decrease in the regional herring stock which 
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was overexploited for several years prior (Lynam et al. 2011). Contrary to 

jellyfish trends in the Irish Sea, Lynam et al. (2004) and Lynam et al. (2005) 

demonstrated that the interannual abundance of scyphozoan jellyfish in the 

North Sea oscillates in natural cycles in concert with the North Atlantic 

Oscillation index, but the relationship varies between sub-regions within the 

North Sea (positive in the NW, negative in the SE), and no linear trends in 

abundance exist there. 

Outside of the Irish and North Seas, the temporal variability of gelatinous 

zooplankton abundance in offshore NEA waters comes exclusively from the 

Continuous Plankton Recorder (CPR) Survey, which is run by the Sir 

Allister Hardy Foundation for Ocean Science (SAHFOS) (Richardson et al. 

2006; Gibbons and Richardson 2009; Licandro et al. 2010). Such research 

has revealed that in the North Atlantic Ocean, gelatinous zooplankton 

abundance has oscillated naturally between high and low abundance in 20-

year cycles in the open ocean, and in longer 30-year periods in Atlantic 

shelf regions (Gibbons and Richardson 2009). More recent analyses of the 

CPR data set suggest that since the early 2000s, gelatinous zooplankton 

abundance has increased precipitously in the NEA, and this increase 

coincided with a rise in mean sea surface temperature, and the presence of 

an oceanic jellyfish species that is common in the Mediterranean Sea 

(Pelagia noctiluca; Licandro et al. 2010, 2015). However, the gelatinous 

zooplankton data that is provided by the CPR survey is limited (i.e. low 

taxonomic information, only surface waters are sampled, very small 

aperture) and is therefore only appropriate for large-scale studies that are 

supported by other forms of information such as genomics (Licandro et al. 

2010, 2015) or additional quantitative sampling (Baxter et al. 2010). As a 

result, there is currently a large gap in our knowledge regarding the 

interannual variability of most gelatinous zooplankton species in the NEA at 

a regional scale, particularly in the Celtic Seas (Gibbons and Richardson 

2009). 

The Celtic Seas region (i.e. shelf waters west of Ireland and the UK) spans ~ 

300,000 km2 from the Celtic Sea in the south, to the Malin Shelf in the 
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North (Edwards et al. 2020). This region contains several productive shelf 

seas, which support important commercial fish stocks and an expanding 

aquaculture sector (Peck et al. 2020). However, there is growing concern 

that the combined effects of overexploitation (Halpern et al. 2008), climate 

change and the subsequent ecosystem shifts which have occurred in some 

parts of the NEA (reviewed in Bindoff et al. 2019) may favour higher 

abundances of gelatinous zooplankton in this region (Purcell et al. 2012). 

Given the suite of negative impacts caused by gelatinous zooplankton in the 

Celtic Seas (Doyle et al. 2008, 2017; Baxter et al. 2011; Lynam et al. 2011; 

Rodger et al. 2011) and the potential for an increase in gelatinous 

zooplankton abundance there (Purcell et al. 2012), this thesis sought to 

determine if any noticeable changes have occurred in their abundance or 

diversity in this region over the last decade, by generating and analysing 

novel time series for gelatinous zooplankton in the Celtic Seas region 

(Figure 1.1). 
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Figure 1.1 Geographical extent of studies that have investigated the interannual variability of 

gelatinous zooplankton abundance in the North East Atlantic (grey areas) with more than 10 

years of data. The present work extends our knowledge of gelatinous zooplankton in the Celtic 

Seas region (black dashed areas) (5 = Chapter 3, 6 = Chapter 4). 1 = Gibbons and Richardson 

(2009), North Atlantic (CPR data). 2 = Licandro et al. (2010), North East Atlantic (CPR data). 3 

= Lynam et al. (2004, 2005), North Sea (fisheries survey by-catch data). 4 = Lynam et al. (2011), 

Irish Sea (fisheries survey by-catch data). Black contour = 200 m isobath. Dashed red rectangle 

in top panel is the extent of the bottom panel. 
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The specific objectives of the thesis were to: 

• Generate novel decade-long data sets for gelatinous zooplankton 

groups (abundance and diversity) that are poorly documented in 

Irish shelf waters; 

• Attempt to identify any links between the gelatinous zooplankton 

data and environmental data collected during each study period; 

and, 

• Propose potential mechanisms that regulate the interannual 

variability of the abundance and diversity of these gelatinous 

zooplankton groups in this region. 

To generate baseline information for gelatinous mesozooplankton species in 

Irish shelf waters, we identified two fisheries research surveys that were 

actively collecting zooplankton samples in the region that overlapped in 

their spatial and seasonal coverage (i.e. interannual sampling in the summer 

in the Celtic Sea). In combination, they would provide a source of 

zooplankton samples (to be re-analysed for gelatinous zooplankton) during 

seven summers between 2007 and 2019. However, the net methods used to 

sample zooplankton on the two types of fisheries survey were different. 

Therefore, to evaluate whether each net type (i.e. a Gulf VII sampler and a 

ring net) estimated the abundance and diversity of gelatinous 

mesozooplankton similarly, a trial study was devised (Chapter 2). 

Simultaneous deployments of the Gulf VII and ring net were made at 15 

sites in July 2017 in Irish and UK shelf waters. Estimates of gelatinous 

mesozooplankton abundance and diversity between the two net types were 

compared and discussed. 

The evaluation study from Chapter 2 confirmed that we could analyse 

zooplankton samples from two different Irish fisheries surveys to generate a 

novel dataset for gelatinous mesozooplankton in the Celtic Sea for seven 

summers between 2007 and 2019 (Chapter 3). This data was compared to in 

situ and satellite-derived environmental parameters. We investigated the 

relationship between the gelatinous mesozooplankton data and 
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environmental data using Generalised Linear Mixed Modelling (GLMM) 

after grouping the abundance of species based on life history type 

(meroplanktonic vs holoplanktonic species abundance). We subsequently 

proposed potential mechanisms that influenced the interannual variability of 

these groups of gelatinous mesozooplankton in this region. 

A second group of under-studied gelatinous zooplankton in Irish shelf 

waters are those of oceanic origin, and form infrequent aggregations in shelf 

waters that appear to be sporadic in nature. The aggregations of one oceanic 

jellyfish, Pelagia noctiluca, have negatively affected the aquaculture 

industry in the northern and western Irish coasts in recent years, and there is 

speculation that this typically Mediterranean species has expanded its range 

northward. To generate a novel multi-year data set for this species in Irish 

shelf waters, jellyfish by-catch data was recorded on a fisheries research 

survey which targets juvenile fish using a demersal trawl net. P. noctiluca 

by-catch data was gathered from 1,948 trawls over 11 years (2008 – 2011). 

P. noctiluca data was analysed with environmental parameters using a 

binomial-Gamma hurdle method of Generalised Linear Mixed Modelling. 

Furthermore, P. noctiluca data was compared to a multi-year dataset of 

coastal stranding data collected using citizen science. From these results, we 

described patterns in the bloom frequency of the species over the past 

decade, and proposed potential mechanisms for the occurrence of P. 

noctiluca blooms in Irish shelf waters.
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Chapter 2:   

 

A novel platform for monitoring gelatinous 

mesozooplankton: The high-speed Gulf VII sampler 

quantifies gelatinous mesozooplankton similar to a ring 

net 
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2.1 Abstract 

Our understanding of the distribution and abundance of gelatinous 

mesozooplankton (0.2 – 20 mm) has been largely determined from the 

deployment of net sampling devices. Although zooplankton nets have been 

shown to underrepresent the abundance of certain gelatinous taxa in 

comparison to data from optical systems, nets still provide relative 

abundances for gelatinous zooplankton. A potential source of standardised, 

long-term and broad-scale data for the relative abundance and distribution 

of gelatinous mesozooplankton is from fisheries monitoring programmes 

which use zooplankton samplers such as the high-speed Gulf VII sampler to 

capture fish eggs and larvae in shelf and offshore waters. To evaluate the 

use of the Gulf VII sampler as a source of gelatinous mesozooplankton data, 

this study collected zooplankton samples using both a Gulf VII sampler and 

a vertical ring net at 15 stations on the northwest Irish and Scottish shelves 

in July 2017. The difference in the estimates of gelatinous mesozooplankton 

abundance and taxon richness of the Gulf VII and the ring net samples were 

not significant (mean abundance: Gulf VII = 135.7 ± 79.7 ind. m-3, ring net 

= 149.7 ± 66.5 ind. m-3; taxon richness: Gulf VII = 15.2 ± 2.4, ring net = 

15.4 ± 2.5), although the Gulf VII underestimated the abundance of the 

appendicularian Oikopleura sp. by a factor of 9.7 when compared to the ring 

net. Our findings describe how added value can be provided to already 

existing zooplankton monitoring programmes while enhancing the temporal 

and spatial coverage of data available for gelatinous mesozooplankton. 

2.2 Introduction 

Gelatinous zooplankton are one of the most difficult planktonic groups to 

sample accurately. This is mainly because they are fragile, and they are 

often damaged or destroyed by many zooplankton samplers as a result 

(Hamner et al. 1975; Remsen et al. 2004). This study focuses on three major 

phyla which represent most gelatinous species (Cnidaria, Ctenophora and 

Chordata), although there are many gelatinous species present in other phyla 

such as Chaetognatha, Annelida and Mollusca (Haddock, 2004). As such, 
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gelatinous zooplankton display a great diversity in terms of shape, size 

(Nogueira et al. 2015; Hosia et al. 2017), and life strategy (Raskoff et al. 

2003; Boero et al. 2008). This morphological and ecological diversity 

makes it even more difficult to sample entire gelatinous zooplankton 

assemblages using any one sampler. As a result, there is no universally 

accepted method for sampling gelatinous zooplankton, and their data 

collection is often opportunistic or locally focused, with sample protocols 

that lack temporal, geographic, and taxonomic consistency. 

Most monitoring programmes around the world that possess extensive 

distribution, diversity and abundance data for gelatinous assemblages have 

focused on the larger members of the group (macrozooplankton and 

megazooplankton i.e. those > 2 cm) as these species are routinely sampled 

as by-catch during fisheries activities (Richardson et al. 2009). In the Bering 

sea, a 40-year time series for large gelatinous zooplankton was compiled 

using by-catch data from US and Russian fisheries surveys (Decker et al. 

2014), data which has been linked with changes in the abundance of certain 

commercial fish stocks in the same region (Brodeur et al. 2008). Within the 

North East Atlantic, several studies have also described trends in jellyfish 

abundances and their broad-scale distribution using fisheries survey by-

catch data from the North Sea (Lynam et al. 2004) to the Irish sea (Bastian 

et al. 2011; Lynam et al. 2011). Since then, protocols for monitoring large 

gelatinous zooplankton have been devised in the UK and France (Aubert et 

al. 2018) and all fisheries managers have been encouraged to add jellyfish 

catch data to their ecosystem assessments as an effective way to fill this 

major knowledge gap in marine monitoring (Bastian et al. 2011; Aubert et 

al. 2018). Additionally, citizen science has also provided long term 

information for the spatiotemporal distribution of macroscopic gelatinous 

zooplankton in many parts of the world, especially in the Mediterranean Sea 

(Canepa et al., 2014). 

Although fisheries surveys and citizen science data can provide vital long-

term data for larger jellyfish, the trawl meshes used in these surveys under-

sample smaller gelatinous species including hydromedusae (e.g. Obelia sp., 
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Leuckartiara sp., Aglantha sp.), siphonophores (e.g. Agalma sp., Muggiaea 

sp.), ctenophores (e.g. Pleurobrachia sp., Beroe sp.) and pelagic tunicates 

(e.g. Salpa sp., Oikopleura sp.). For the past century, these gelatinous 

mesozooplankton were sampled using non-specialised net systems routinely 

used to catch entire zooplankton assemblages (Fraser 1968). One such 

system, the WP2 net (ring net with 57 cm diameter) has been the UNESCO 

standard for mesozooplankton monitoring worldwide for over 50 years 

(Fraser 1968). Off the western coasts of the UK, US and Peru, zooplankton 

time series spanning 40 years or more have been generated using similar 

nets (Hays et al. 2005) but these are some of the only datasets of their kind 

which include long-term abundance and distribution data for gelatinous 

mesozooplankton.  

Today there are numerous forms of mesozooplankton samplers, from 

traditional types such as vertical ring nets and bongo nets to more 

sophisticated depth stratified samplers (Multiple Opening and Closing Net, 

Multinet) and high-speed samplers (Continuous Plankton Recorder, 

Longhurst-Hardy Plankton Recorder, Gulf series) (Wiebe and Benfield, 

2003). Despite the use of many of these net systems in gelatinous 

zooplankton research (Russell 1953; Gibbons and Richardson 2009; 

Licandro et al. 2015), most have not been employed in large-scale 

mesozooplankton monitoring programmes. Historically, many countries 

invented their own mesozooplankton samplers as each research institute 

focused on specific research objectives and targeted different commercially 

important species, usually without a focus on gelatinous zooplankton 

(Wiebe and Benfield 2003). One monitoring programme that has provided 

vital information on the distribution and abundance of gelatinous 

mesozooplankton is the Continuous Plankton Recorder (CPR) survey 

(Gibbons and Richardson 2009). The CPR programme has provided novel 

insights into the broad-scale trends of gelatinous zooplankton over time in 

the North Atlantic (Gibbons and Richardson 2009; Licandro et al. 2015) and 

CPR samples were also used to estimate the distribution of the harmful 

jellyfish species Pelagia noctiluca after a large fish kill on the northern 

coast of Ireland (Baxter et al. 2010). However, there are limitations to the 
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use of the CPR due to its unique sampling method and its shallow 

deployment depth (Attrill et al. 2007; Haddock 2008; Gibbons and 

Richardson 2009). The taxonomic resolution of the gelatinous zooplankton 

data provided by the CPR is also of a relatively low quality, so this data 

must be supplemented by other datasets (e.g. genomics) when used in 

broad-scale ecological studies (Licandro et al. 2015). Elsewhere, further 

advancements in the use of Remotely Operated Vehicles (ROVs) and optics 

have facilitated the research of the most fragile gelatinous communities 

(Vinogradov and Shushkina 2002; Graham et al. 2003; Luo et al. 2014; 

Hosia et al. 2017) and have shown that net systems likely underestimate 

certain gelatinous zooplankton by damaging or extruding fragile species 

(Hamner et al. 1975; Remsen et al. 2004; Hosia et al. 2017). As a result, the 

use of optical systems is considered the most accurate way to quantify 

gelatinous zooplankton abundance and diversity (Haddock 2004). Despite 

the clear advantages of using optical systems to quantify gelatinous 

zooplankton, they are not routinely used in most zooplankton monitoring 

programmes which tend to focus more on crustacean zooplankton (which 

are effectively captured using net systems) (Wiebe and Benfield 2003). 

Therefore, gelatinous zooplankton researchers must primarily rely on 

zooplankton monitoring programmes which use net systems to produce time 

series for the abundance and diversity of gelatinous zooplankton (Gibbons 

and Richardson 2009).  

One survey that could potentially provide the relative abundance of 

gelatinous mesozooplankton on a large temporal and spatial scale is the Irish 

Mackerel Egg Gulf Survey (IMEGS). This survey reports to an international 

monitoring programme known as the Working Group on Mackerel and 

horse mackerel Egg Gulf Surveys (WGMEGS), which is organised by the 

International Council for the Exploration of the Sea (ICES). These surveys 

were designed to target mesozooplanktonic fish eggs and fish larvae of 

Atlantic mackerel (Scomber scombrus) and Atlantic horse mackerel 

(Trachurus trachurus) to create estimates for the size of the recruitment 

stock and the fecundity of the current breeding stock of both species (ICES 

2018a) The surveys have been carried out every three years since 1977, 
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during spring and summer, and cover a sample area of 3 million km2 from 

Gibraltar to the Faroe Islands (ICES 2018a). The survey is a collaboration of 

several European research institutes and each institute samples zooplankton 

at hundreds of stations in a separate portion of the total survey area using a 

net system known as the high-speed Gulf VII sampler. The Gulf VII 

zooplankton samples are preserved in 4% formalin and stored by the 

respective research institutes after they are analysed for fish eggs and larvae 

(ICES 2018a). If these zooplankton samples were re-examined for 

gelatinous mesozooplankton, they could generate a novel large-scale dataset 

for the relative abundance and diversity of gelatinous mesozooplankton. 

While the Gulf VII is well established as an efficient sampler for fish eggs 

and larvae (Nash et al. 1998), to date it has not been used to sample 

gelatinous zooplankton. Given the limited available monitoring data for 

gelatinous mesozooplankton in the North East Atlantic, this study set out to 

evaluate the use of the Gulf VII as a gelatinous mesozooplankton sampler 

by comparing it to a vertical ring net sampler, a net that has been used to 

sample gelatinous mesozooplankton for over a century (Russell 1953). 

2.3 Materials and Procedures 

2.3.1 Study area 

All sampling was carried out in Irish and United Kingdom territorial waters 

on board the RV Celtic Explorer as part of the Western European Shelf 

Pelagic Acoustic Survey (WESPAS) in 2017 (ICES 2018b). The 1 m ring 

net and Gulf VII sampler were deployed at 15 stations during leg three and 

four of the survey from July 4th to July 21st, 2017. Mesozooplankton 

samples were collected along the northwest European shelf edge from the 

western coast of Ireland to the northwest coast of Scotland, with additional 

sampling off the western coast of Scotland (Figure 2.1). 
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Figure 2.1 Map of sampling stations aboard the RV Celtic Explorer during WESPAS survey, 

July 4th to July 21st, 2017. Stations 1–10 were collected along the shelf edge in water depths of 

200 m, whereas stations 11–15 were collected south of the Outer Hebrides in water depths of 

120 – 150 m. Inset shows finer detail of stations 11–15. 

 

2.3.2 Sample collection 

At 15 stations, two different net types (a 1 m vertical ring net and a high-

speed Gulf VII sampler) were consecutively deployed to collect 

zooplankton samples. Fourteen stations (out of the initial fifteen) were used 

in this study, as samples at one station (station six) were unusable due to a 

winch malfunction when deploying the Gulf VII sampler. To increase 

comparability of samples, a maximum sampling depth of 100 m was chosen 

for all deployments, and all samples were collected during the day. The two 

nets differed slightly in mesh size (ring net = 200 µm, Gulf VII = 250 µm), 

but these meshes have been described as appropriate mesh sizes for 

sampling gelatinous meso-zooplankton (Cornelius 1995; Nogueira et al. 

2015; Hosia et al. 2017). 

The ring net used in this study had an opening diameter of 1 m and was 

deployed off the port side vertically to a maximum depth of 100 m at a 
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speed of 0.5 m s-1. The volume filtered by the ring net was calculated using 

a Hydro-Bios® mechanical flow meter (calibrated before the survey). Any 

large deviation in flow meter readings from the mean for each net 

deployment could indicate occasions of net clogging in hindsight. Once 

recovered, the net was washed down from the outside using a seawater hose 

(on a low pressure setting so not to damage the sample) and the contents of 

the cod end were gently washed into a 30 L bucket. Considering the rapid 

degradation and underrepresentation of many ctenophore species in fixed 

samples (Stemmann et al. 2008; Hosia et al. 2017), ctenophores that were 

visible to the naked eye were enumerated and recorded separately by 

pouring zooplankton samples through a 180 µm sieve. The sample was then 

fixed in 4% buffered formalin in a labelled 1 L container. 

The Gulf VII sampler was deployed off the stern directly after recovering 

the 1 m ring net at each station. The sampler has a nose cone aperture of 

0.20 m diameter. It was deployed to 100 m depth on an oblique v-shaped 

trajectory in the water column at an average speed through the water of 4 

knots (~ 2 m s-1) at a desired rate of 10 m min-1. An onboard CTD and flow 

meter system provided a live data feed of environmental and deployment 

data (Nash et al. 1998). An internal flow meter calculated the volume of 

water filtered by the net during each deployment (ICES 2018a), and any 

major changes in the flow rate during each deployment could indicate 

potential clogging of the net. See Figure 2.2 for a schematic drawing of the 

Gulf VII sampler. Once hauled back on board, the net was washed down 

into the cod end, the contents of the cod end were emptied into a 30 L 

bucket and then fixed in 4% buffered formalin in a labelled 1 L container. 

Ctenophores were enumerated from the sieve as for ring net samples. 
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Figure 2.2 Illustration of Gulf VII sampler with person for scale. Frame length without attached 

drogue = 2.72 m. The plankton net had a mesh size of 250 µm. An electronic flowmeter is inside 

the centre of the nose cone, connected to the onboard CTD. 

 

2.3.3 Sample processing and data analyses 

Gelatinous mesozooplankton taxa from the phyla Ctenophora, Cnidaria and 

Chordata (subphylum Tunicata) were enumerated using a dark field 

microscope. Any other gelatinous taxa that were captured by the sampler 

that were > 2 cm (e.g. macrozooplankton) were also identified and 

enumerated. Gelatinous taxa were identified to species level when possible. 

For very abundant taxa, samples were split using a 100 ml Folsom plankton 

splitter. Any samples that contained >100, >250 or >500 individuals of a 

single taxon were split two (1/4th), three (1/8th) or four (1/16th) times, 

respectively. The remaining portion of each sample was analysed to get total 

counts for taxa with < 100 individuals. Total physonect abundance estimates 

were calculated by the sum of intact adult colonies and athorybiid larval 

colonies with an anterior pneumatophore present. Calycophoran 

siphonophore abundance estimates were based on total anterior nectophore 

counts and total eudoxid siphonophore gonophore counts. Eudoxid 

siphonophore bracts were excluded from final estimates of abundance as 

colonies can produce a variable number of bracts throughout their life cycle 

(Mapstone, 2014). Although many ctenophore species are known to be 
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quantitatively underrepresented by certain net methods (Hosia et al. 2017), 

ctenophore data was still compared quantitatively to evaluate if both net 

types underrepresented their abundance similarly.  

Sample data were pooled per net type (Gulf VII or ring net) to calculate 

mean taxa abundance, species richness, and Shannon-Wiener diversity 

index. The Shannon-Wiener diversity index was selected as it is a popular 

index used by ecologists to estimate the beta diversity of a community of 

animals when species abundance data is recorded (Shannon 1948). Mean 

volume filtered by each net type was also compared. T-tests were used to 

compare the mean Shannon-Wiener indices and mean volumes filtered 

between the two net types. In order to compare the gelatinous catches of the 

two sampling methods further, the community data for the samples of both 

nets were transformed into a ‘Bray-Curtis’ dissimilarity matrix and analysed 

using hierarchical cluster analysis and non-metric dimensional scaling 

(NMDS). Hierarchical cluster analysis can highlight potential meaningful 

groups in multivariate datasets, and NMDS was used to visualise the 

potential groupings within the multivariate data. The ANOSIM test was 

used to assess the statistical difference between the species abundance data 

of the two net sample groups (Gulf VII samples vs ring net samples) as it is 

an appropriate non-parametric multivariate ANOVA-type test (Clarke 

1993). An additional SIMPER test was carried out on the Bray-Curtis 

species abundance matrix to delineate which species contributed the most to 

the dissimilarity of the communities in the samples of the two nets (Clarke 

1993). All statistical analyses and visual outputs were carried out in R 

program version 3.4.3 (R Core Team 2016) using the package Vegan 

(Oksanen et al. 2014). 

2.4 Assessment 

2.4.1 Comparing gelatinous abundance and composition 

Overall, both nets sampled the gelatinous zooplankton community similarly 

at each station (Table 2.1). There was no significant difference between the 



Chapter 2: A new net to monitor gelatinous mesozooplankton 

22 

gelatinous taxa composition and their abundances between the samples of 

the two net types (ANOSIM r = -0.004, p = 0.433). The difference in mean 

Shannon-Wiener indices of the two samplers was marginal and insignificant 

(t (26) = -0.523, p = 0.606). The mean volume of water filtered by the ring 

net was slightly larger than the volume filtered by the Gulf VII however this 

difference was not significant (t (26) = -0.765, p = 0.154), which indicated 

that the filtration efficiency was similar, and clogging was not an issue for 

either net. 

 

Table 2.1 Mean species richness, abundance, and Shannon Wiener index of gelatinous 

zooplankton and volume filtered of two nets (± 95% confidence interval of mean). 

 SI unit Gulf VII ring net test p-value 

richness N taxa 15.2 ± 2.4 15.4 ± 2.5 
ANOSIM P = 0.433 

abundance N m-3 135.7 ± 79.7 149.7 ± 66.5 

Shannon-

Wiener index 
- 7.9 ± 0.2 8.7 ± 0.2 t-test P = 0.606 

volume filtered m3 70.5 ± 11.5 75.7 ± 7.0 t-test P = 0.154 

 

Although the difference in abundance estimates between the sample groups 

of both nets were not significant, mean ring net abundance estimates were 

slightly higher compared to those of the Gulf VII (95% CI for mean 

abundance: Gulf VII = 135.7 ± 79.7 ind. m-3 vs. ring net = 149.7 ± 66.5 ind. 

m-3). The doliolid Dolioletta sp. contributed to 90.78% and 70.49% of 

gelatinous zooplankton abundance in Gulf VII and ring net samples, 

respectively. While the appendicularian Oikopleura sp. was the second 

highest contributor to mean abundance in the ring net samples, the Gulf VII 

samples had lower numbers of this taxa in comparison (contribution of 

Oikopleura sp. to mean gelatinous abundance for Gulf VII = 2.58% and ring 

net = 22.73%). Hydromedusae and siphonophore (Cnidaria) abundance 

were similar in the samples of both nets, together accounting for 5.57% 

(Gulf VII) and 6.05% (ring net) of their respective mean gelatinous 

abundance estimates. The most abundant hydromedusan taxon for both nets 

was ‘unidentified Anthothecata’. The SIMPER analysis indicated that 
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Dolioletta sp. and Oikopleura sp. contributed 66.31% and 22.14% 

respectively to the dissimilarity between the gelatinous zooplankton 

communities in the samples of the two nets. However, the only species 

whose abundance was significantly different between the two net sample 

groups was Oikopleura sp. (U = 157, p = 0.039). A summary of the ten 

species that contributed the most to mean abundance and their contributions 

to community dissimilarity (SIMPER) between the two net sample groups is 

provided (Table 2.2). When comparing the mean abundances of the 

gelatinous mesozooplankton data by taxonomic order (Figure 2.3), the 

difference in Larvacea (includes Oikopleura sp.) between the samples of the 

two nets is evident, while there does not seem to be a great difference in the 

mean abundance between the nets for the other orders. 
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Table 2.2 Summary of ten species with highest mean abundance (N m-3), contribution to mean 

abundance (% CA) and contribution to dissimilarity (SIMPER) for the two net types. Note that 

some species are different in the three lists, and the names of these are provided here: 1 = 

Solmaris corona. 2 = Unidentifiable Agalmatidae. Oikopleura sp. was the only taxa with a 

significant Mann-Whitney U test result. 

 Gulf VII ring net SIMPER results 

Taxon N m-3 Gulf VII 

% CA 
N m-3 

ring net 

% CA 

% contribution 

to dissimilarity 

Mann-

Whitney 

U sig. 

Dolioletta sp. 123.37 90.78% 105.68 70.49% 66.31% 0.99 

Unident. Anthothecata 4.02 2.96% 3.35 2.23% 3.65% 0.742 

Oikopleura sp. 3.50 2.58% 34.03 22.70% 22.14% 0.039 * 

Muggiaea atlantica 1.58 1.16% 1.71 1.14% 1.98% 0.910 

Pleurobrachia sp. 1.30 0.95% 0.93 0.62% 1.23% 0.712 

Agalma elegans 0.30 0.22% 0.43 0.29% 0.24% 0.495 

Laodicea undulata 0.26 0.19% 0.76 1 0.50% 1 0.81% 1 0.168 1 

Euphysa aurata 0.24 0.18% 0.30 0.20% 0.50% 0.514 

Aglantha digitale 0.19 0.14% 0.36 2 0.24% 2 0.25% 0.851 

Agalmatidae larvae 0.16 0.12% 1.36 0.91% 0.67% 0.247 

 

 

Figure 2.3 Histogram of mean gelatinous mesozooplankton abundance data (ind. m-3; double 

square root transformed) and organised into taxonomic order. Error bars = standard error of 

the mean. 1 = Only one species was identified for these orders in samples (Dolioletta sp. for 

Doliolida and Oikopleura sp. for Larvacea). 2 = Species from orders Leptothecata, 

Anthothecata, Narcomedusae and Trachymedusae are combined and presented as 

Hydromedusae (no Limnomedusae were identified). One species was also present from order 

Semaeostomeae (Pelagia noctiluca), but it is not presented here due to very low frequency of 

occurrence and mean abundance in samples. 

 

In terms of species composition, hydromedusae (Cnidaria) were the most 

diverse group in all samples as 29 hydromedusae taxa were identified in the 

study. There was only one species of scyphomedusae found by both nets 
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(Pelagia noctiluca) and this was only caught in stations near the shelf edge: 

St. 1, 2 and 5 (Figure 2.1). The total number of taxa captured by each net 

type was also similar (Gulf VII = 34 vs. ring net = 33) and 31 of these taxa 

(86%) were common to both nets. The remaining five taxa were only 

captured by one net type at a single station at a time (Podocoryne hartlaubi, 

Zanclea costata and an unidentifiable Beroida sp. for the Gulf VII and 

Sarsia tubulosa and Liriope tetraphylla for the ring net). A complete list of 

species presence and abundance and their contributions to the abundance of 

each net type are provided (Appendix 1). 

Estimates of mean species richness of the samples from both nets were 

similar (95% CI, Gulf VII = 15.2 ± 2.4 vs. ring net = 15.4 ± 2.5). The five 

most frequently occurring species (species found in > 90.0% of sample 

stations) during the study were the same for both net types. They included 

the physonect siphonophores Agalma elegans and Nanomia bijuga 

(Cnidaria), the calycophoran siphonophore Muggiaea atlantica (Cnidaria), 

as well as the doliolid Dolioletta sp. and the appendicularian Oikopleura sp. 

(Chordata). Taxa composition remained similar between net types even 

when gelatinous assemblages seemed to differ geographically from offshore 

stations (1–10) to nearshore stations (11–15). This was highlighted by 

performing a non-metric dimensional scaling ordination using a Bray-Curtis 

similarity matrix of the community data from all stations and both net types 

(stress = 0.12). The offshore group of stations had a higher occurrence of 

hydromedusae Aglantha digitale, Solmaris corona, Euphysa aurata, 

Leuckartiaria octona and the scyphomedusae Pelagia noctiluca. 

Leptomedusae and anthomedusae diversity were higher in the nearshore 

stations. From the NMDS ordination plot (Figure 2.4), it is clear that the 

ring net and Gulf VII samples from the same stations tended to group in 

weak pairs, showing the comparability of the two nets at each station, as 

their gelatinous communities were more similar to each other than catches at 

other stations. 
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Figure 2.4 NMDS ordination of Bray-Curtis similarity matrix of gelatinous mesozooplankton 

species abundance data for all the samples of both net types (Wisconsin standardisation, stress 

= 0.12). Nearshore stations (11–15) grouped together away from offshore stations (1–10). R = 

ring net, G = Gulf VII sampler. Grey ellipses represent one standard deviation from the 

centroid of each group of samples (nearshore vs. offshore). Crossed lines represent the extent of 

95% confidence intervals of the centroid of both sample groups. 

 

2.4.2 Explaining the similarities (and differences) of the gelatinous catches 

One explanation for the similarity of gelatinous mesozooplankton catches 

recorded in samples of the Gulf VII and the ring net is the fact that their net 

mesh sizes were close to 200 µm (ring net = 200 µm, Gulf VII = 250 µm). 

Several researchers have previously demonstrated that a mesh of 200 µm is 

suitable for studying most hydromedusae (Cornelius 1995; Nogueira et al. 

2015; Hosia et al. 2017), and this likely applies to other gelatinous 

mesozooplankton from the phyla Chordata and Ctenophora (Licandro et al. 

2015). Nogueira et al. (2015) found that 200 µm and 500 µm bongo nets 

captured statistically different hydromedusae abundances, biomasses and 

taxonomic diversity when deployed at the same stations. The authors 

concluded that this was likely due to the extrusion of smaller organisms 

through the 500 µm net. Therefore, the difference of 50 µm between net 
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meshes in the current study could have explained some of the marked 

under-sampling of Oikopleura sp. by the Gulf VII (contribution of 

Oikopleura sp. to mean abundance in samples, Gulf VII = 2.58%, ring net = 

22.73%), as they are some of the smallest and most fragile gelatinous 

members of a mesozooplankton assemblage (Lombard et al. 2011; Holland 

2016).  

As the Gulf VII sampler was deployed at quadruple the speed of the ring net 

(2 m s-1 vs. 0.5 m s-1 for the Gulf VII and ring net respectively) it was 

expected that estimates of gelatinous mesozooplankton abundance in Gulf 

VII samples would be lower for most species because of increased 

turbulence, pressure and extrusion. This was the case for the 

appendicularian Oikopleura sp., which contributed 19.74% less to total 

mean gelatinous mesozooplankton abundance in Gulf VII samples 

compared to ring net samples. Oikopleura sp. is particularly fragile, and the 

notochords of some specimens were fragmented into several pieces in some 

Gulf VII samples, while this was not observed in ring net samples when 

they were analysed using a microscope (A. Long, pers. obs.). In contrast to 

this, the contribution of the doliolid Dolioletta sp. to total mean gelatinous 

abundance was higher on average in Gulf VII samples compared to ring net 

samples (Dolioletta sp. % CA, Gulf VII = 90.78%, ring net = 70.49%) and 

this was likely related to the increased speed and filtration efficiency of the 

Gulf VII coupled with the increased extrusion of Oikopleura sp.. However, 

the difference in the distribution of the abundance data of Dolioletta sp. in 

the samples of both nets was not significant (U = 95.00, p = 0.91) likely due 

to the high within-group variability of the data (95% CI of mean for Gulf 

VII = 150.81 ind. m-3 ± 79.07, ring net = 124.44 ind. m-3  ± 65.18). 

Dolioletta sp. are known to form dense aggregations which can often be 

patchy in their distribution (Paffenhöfer et al. 1995) which could explain the 

high within-group variability in the abundance estimates of this species in 

the samples of both nets. Additionally, species of the genus Oikopleura are 

known to occupy distinct depth profiles (Acuna 1994), but since both nets 

were deployed to the same sampling depth (100 m), this likely did not add 

to differences among the samples of the two nets. Other than these two 
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species, there were no major differences in gelatinous species abundance 

estimates which was possibly due to the Gulf VII having a 0.2 m diameter 

nose cone (Figure 2.2) that is designed to reduce the pressure within the 

sampler during deployment (Nash et al. 1998). This could have prevented 

the larger more robust gelatinous species from being damaged or extruded 

(Stehle et al. 2007; Nogueira et al. 2015). As both nets have very different 

aperture diameters (Gulf VII = 0.2 m vs. ring net = 1 m) and tow profiles 

(Gulf VII = double oblique vs. ring net = single vertical), it was surprising 

that the differences in the abundance and diversity of the gelatinous catches 

were not greater. However, the main reason for this unexpected finding is 

that the Gulf VII sampler (with an aperture ~ 6 times smaller than the ring 

net) was deployed for 17 minutes longer (on average) compared to the ring 

net at each station. This difference in sampling duration ensured that an 

equivalent volume of water was filtered by the two samplers (Table 2.1). 

Therefore, despite some obvious design and deployment differences 

between the two samplers, the similar gelatinous assemblages caught are 

attributed to their similar mesh sizes, proximity of paired deployments, 

equal sample depths, similar volumes of water filtered and high ratios of 

mesh open area to mouth opening area. For whole zooplankton 

assemblages, Skjoldal et al. (2013) found that when nets have similar mesh 

sizes and the ratio of mesh open area to mouth opening area is high, then 

catches will be relatively similar. These key similarities appear to explain 

why the abundance and diversity estimates from the samples of the two nets 

were similar apart from the underestimation of Oikopleura sp. abundance by 

the Gulf VII sampler, which is attributed to a combination of slightly larger 

mesh size and increased tow speed. 

2.4.3 Strengths and limitations of the two nets 

The ring net and the Gulf VII sampler were invented nearly two centuries 

apart, and initially they were designed for different functions. The first ring 

net was designed by J. V. Thompson in the early 19th Century to investigate 

shoreline ecology and bioluminescence (Fraser 1968). Since then it has been 

a popular zooplankton sampler for decades due mainly to its simplicity 
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(Wiebe and Benfield 2003). While smaller ring nets can be deployed by 

hand, most that have an aperture of 0.5 m or larger must be deployed 

mechanically. Ring nets also have a relatively short deployment time, as it 

only took 5 minutes on average to complete a 100 m vertical profile in our 

study (at a speed of 0.5 m s-1). Its greatest strength is its low equipment cost, 

as ring nets are one of the least expensive mesozooplankton samplers 

(Wiebe and Benfield 2003). However, with this simplicity there are 

limitations and one is that the ring net cannot be deployed in strong weather 

conditions (high wind, large swell or strong currents under the vessel) which 

are experienced frequently in the northeast Atlantic. As a result, the ring net 

sampler is used mostly in coastal or shelf waters, usually in localised studies 

(Wiebe and Benfield 2003). These limitations of the ring net are strengths of 

the Gulf VII sampler. The high-speed Gulf VII sampler was designed to 

monitor the distribution and abundance of fish eggs and larvae across large 

geographical areas in coastal and offshore waters (e.g. ICES 2018b). Its 

steel frame is heavier and sturdier than that of the ring net and as a result, 

the Gulf VII must be towed at a high speed (2 m s-1) which allows the 

sampler to be deployed in most sea states (where it is safe for the crew to 

operate). An onboard CTD allows the deployment to be consistent, as the 

winch operator can ensure the sampler follows a v-shaped tow profile to an 

exact depth at a standard rate at each station. The added complexity of the 

Gulf VII sampler’s design and deployment makes it expensive (> €20,000) 

and this is also its main disadvantage. However, this initial cost and 

additional maintenance costs of the Gulf VII sampler are typically covered 

by the fisheries institutes and therefore the zooplankton samples in long 

term storage are free of charge to interested researchers. 

2.5 Discussion 

This study clearly demonstrates that the high-speed Gulf VII sampler can be 

used to quantify the relative abundance and diversity of gelatinous 

mesozooplankton similar to a traditional ring net sampler, with exception to 

small appendicularians. This finding has implications for monitoring 
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gelatinous zooplankton in European waters and further afield as a source of 

pre-collected mesozooplankton samples which cover a large geographical 

area and time span. On European fish egg surveys which use the Gulf VII 

sampler, over 500 formalin-preserved samples are collected triennially and 

after they are examined for fish eggs and larvae, they are put into long-term 

storage. Today, historical samples are available from as far back as 2004 in 

some areas for these surveys and these could be re-examined to quantify the 

relative abundance and diversity of gelatinous zooplankton assemblages 

across western European waters. Similar monitoring programmes likely 

exist in other parts of the world and if historical samples are available for 

these surveys, other long-term large-scale databases for gelatinous 

zooplankton could be generated (e.g. in Icelandic waters; Beare et al. 2000; 

or the Bering Sea; Napp et al. 2002). 

In order to use an alternative sampler to monitor gelatinous zooplankton, it 

must be validated by comparing its gelatinous catch to that of a commonly 

used sampler. Many comparisons of zooplankton samplers have been made 

and unlike our findings, most have recorded large differences among 

zooplankton samplers when estimating the relative abundance and diversity 

of gelatinous zooplankton. Recent research that was carried out along the 

Mid-Atlantic Ridge compared the ability of five methods to sample 

gelatinous zooplankton, three net types (ring net, macrozooplankton trawl 

net and Multinet) and two optical recorders (underwater video profiler and a 

remotely operated vehicle). Strong species selectivity was detected among 

the methods, as only 16% of the species that were sampled during the study 

were sampled by all methods (Hosia et al. 2017). Only 22.2% of species 

were common in the samples of the two nets that targeted mesozooplankton 

in the study (180 µm mesh Multinet and 750 µm mesh ring net) (Hosia et al. 

2017). Unlike their findings, the net types in the current study were 

deployed in shelf waters which have a more uniform species diversity 

compared to deep oceanic water (Licandro et al. 2015), and the net types in 

the current study had more similar mesh sizes, deployment depths and 

volumes of water filtered. These differences in net parameters between 

studies likely explain the differences in findings. Other research comparing 
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nets for sampling gelatinous zooplankton have also recorded differences in 

estimates of mean gelatinous taxa abundance and or diversity. Off the 

Portuguese coast, the zooplankton abundance estimates of a Longhurst-

Hardy Plankton Recorder (LHPR) and a bongo net were compared (Stehle 

et al. 2007). Despite both nets having similar mesh sizes and filter volumes, 

the LHPR estimated 5 times more siphonophore abundance and 5 times less 

appendicularian abundance compared to the catches of the bongo net, while 

hydromedusae abundance estimates were similar. The main factor attributed 

to the differences were the increased speed of the LHPR (3-4 knots) 

compared to the bongo net (2 knots) (Stehle et al. 2007). These findings 

show how increased tow speed can considerably reduce the abundance 

estimates of appendicularians, which was observed in the Gulf VII samples 

of the current study which was towed at a high speed (4 knots). 

A meta-analysis of research comparing the gelatinous catches among 

various sampling nets in the Atlantic Ocean (Appendix 2) typically 

demonstrated large differences in gelatinous catch abundance estimates 

among nets within studies. However, the total number of taxa sampled per 

net type within studies were similar. It should be noted that inconsistencies 

regarding taxonomy and study objectives in the meta-analysis made it 

difficult to compare the available literature in any more detail. A conclusion 

from the meta-analysis was that mesh size, filtering volume and sampling 

depth are key components that should be similar among different nets in 

order to capture similar gelatinous communities among them (Skjoldal et al. 

2013; Hosia et al. 2017), which was the case for the two nets compared in 

the current study. Most studies also urged the use of moderate tow speeds 

between 1-2 knots (Skjoldal et al. 2013; Hosia et al. 2017), which is the 

only major difference between our two net types, and this is the best 

explanation for the difference in abundance estimates for Oikopleura sp.. 

The phenomenon of different nets sampling gelatinous zooplankton 

differently (as highlighted by our meta-analysis) is explained best through 

the advent of sampling gelatinous zooplankton by direct observation and 

sophisticated optical systems, which have revealed substantial weaknesses 



Chapter 2: A new net to monitor gelatinous mesozooplankton 

32 

with net based sampling, particularly for more fragile taxa (Hamner et al. 

1975; Remsen et al. 2004; Hosia et al. 2017). Optical methods have 

estimated higher abundances of ctenophores (Ctenophora) (Remotely 

Operated Vehicle = 27.4% of total observations, Underwater Video Profiler 

= 19.3% of total observations) when their data was compared to net-caught 

data from the same sample stations (macrozooplankton net = 2.2% of total 

abundance, Multinet = < 1% of total abundance) (Hosia et al. 2017). A High 

Resolution Sampler (HRS) using two different optical methods found that 

appendicularian, doliolid and joint cnidarian-ctenophore abundance 

estimates were 300%, 379% and 1200%, respectively, more abundant 

compared to net-based estimates of gelatinous zooplankton from the same 

deployments (Remsen et al. 2004). The zooplankton net system had a 30 cm 

aperture which fed into a carousel of 20 plankton nets (162 µm mesh cod 

ends). The similar mesh size and aperture size between the SIPPER and the 

nets used in the current study reinforces the fact that the Gulf VII and ring 

net only provide a relative estimate of gelatinous mesozooplankton 

abundance, and the most fragile gelatinous members were likely extruded 

by both nets (particularly small appendicularians and most ctenophores). 

Moreover, many ctenophore species degrade rapidly in formalin preserved 

samples (Hosia et al. 2017), so their abundance and diversity are likely 

underrepresented in historical samples of any monitoring programme, 

including the Gulf VII surveys. Even with these sampling biases, the Gulf 

VII sampler may still be a valuable data source for monitoring gelatinous 

mesozooplankton, as it provides preserved historical samples for an 

extensive area where there is no other data of this kind that is available 

(Gibbons and Richardson 2009). 

This study confirms that a high-speed zooplankton sampler (the Gulf VII) 

which is used in a fish egg and larval monitoring programme estimates the 

relative abundance of gelatinous mesozooplankton (with some exceptions 

e.g. Oikopleura sp.) similar to a ring net. There is now potential for the 

addition of gelatinous zooplankton to fisheries mesozooplankton surveys as 

a meaningful ongoing ecosystem metric. Gulf VII samples are available 

from as far back as 2004 across western European waters. Additionally, ring 
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nets with a similar mesh size to the Gulf VII have been deployed at over 100 

stations each summer aboard ICES pelagic acoustic surveys along the 

Western European Shelf collecting plankton samples since 2016 (ICES 

2018b). At a time when funding and support for large scale zoological 

sampling (and taxonomy) is under increasing competition with rapid semi-

automated forms of monitoring such as molecular and optical techniques 

(McQuatters-Gollop et al. 2017; Pitois et al. 2018) our findings provide an 

example of how added value can be obtained from existing government 

funded programmes. Furthermore, an examination of 63 historical Gulf VII 

samples in the Celtic Sea (from summers 2007, 2010 and 2013) and 105 

ring net samples from the Celtic Sea (from summers 2016 - 2019) have 

confirmed that the gelatinous fauna present are well preserved (Long A., 

unpublished data) with some exceptions (most ctenophore species). This 

opens the opportunity to generate a new time series for gelatinous 

mesozooplankton in western European waters, and potentially inspire the 

creation of similar datasets in other parts of the world. 
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Interannual variability of gelatinous mesozooplankton in 
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cooler sea surface temperatures 
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3.1 Abstract 

Although gelatinous zooplankton are a natural component of marine 

ecosystems, gelatinous mesozooplankton that are < 2 cm are 

underrepresented in monitoring programmes. Here, the interannual 

variability of gelatinous mesozooplankton abundance and diversity was 

estimated from 167 zooplankton net samples that were collected in the 

Celtic Sea during seven fisheries surveys between 2007 and 2019 and 

analysed alongside environmental parameters. Subtle compositional changes 

occurred interannually, including a gradual shift in the abundance ratio of 

two siphonophore species Muggiaea atlantica and Agalma elegans. 

Analysis of annual mean gelatinous abundance revealed no linear trend over 

time (Spearman, r = -0.09, p = 0.287), however the interannual abundance 

varied by a factor of 33 (minimum mean abundance in 2013 = 7.36 ± 4.86 

individuals m-3; maximum in 2017 = 244.82 ± 84.59 individuals m-3). 

Holoplanktonic species dominated the abundance of the gelatinous 

community (93.27%) and their abundance was negatively associated with 

high summer sea surface temperature (represented by the position of the 

16°C isotherm in July), underpinned by interannual oscillations of an 

atmospheric teleconnection pattern (the Eastern Atlantic Pattern index). Our 

data suggest that gelatinous mesozooplankton abundance in the Celtic Sea 

may be lower as a consequence of future ocean warming.  

3.2 Introduction 

Shelf seas contain diverse and productive ecosystems (Lauria et al. 2012) 

that have undergone profound changes in recent times as a result of both 

natural and anthropogenic modes of climate variability (Southward et al. 

1995; Beaugrand and Reid 2003; Schmidt et al. 2020). Marine zooplankton 

are possibly the most sensitive animals to changes in environmental 

conditions and monitoring their long term abundance and diversity has 

facilitated the detection of ecosystem-wide changes in several shelf basins 

(Southward et al. 1995; Beaugrand et al. 2009; Conversi et al. 2010). In 

fact, the fourth descriptor of the European Union’s Marine Strategy 
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Framework Directive includes zooplankton as an important factor 

influencing the state of a food web due to pelagic-benthic coupling (EU, 

2017). The mechanisms that alter the interannual abundance and 

composition of zooplankton in shelf seas are complex and are possibly 

specific to each shelf region (Pershing et al. 2010). These mechanisms can 

be an indirect consequence of changes in local oceanographic conditions 

(Beare et al. 2000; Ershova et al. 2015), the direct or indirect effects of 

hydroclimatic changes (Napp et al. 2002; Pitois and Fox 2006; Bedford et 

al. 2020), or due to a combination of effects (Southward et al. 1995). It is 

important to understand the mechanisms which influence the long-term 

variability of zooplankton species as they can drive trends in the abundance 

of higher trophic organisms, including commercially important fish species 

(Beaugrand and Reid 2003).   

In the Northeast Atlantic, the second largest shelf sea is the Celtic Sea. This 

sea spans 500 kilometres from the northwest coast of France to the southern 

coast of Ireland, covering an area of ~130,000 km2. As this shelf sea 

sustains the second most productive fishery in the North West European 

Shelf in terms of commercial fish landings (Pinnegar et al. 2002), the 

interannual variability of many taxonomic groups have been monitored 

there for several decades (Lauria et al. 2012). Monitoring has shown that 

considerable changes in the abundance and composition of phytoplankton 

(Schmidt et al. 2020), zooplankton (Beaugrand et al. 2000; Giering et al. 

2019), fish (Pinnegar et al. 2002) and seabirds (Lauria et al. 2012) have 

been observed in the Celtic Sea, which may reflect broad shifts in the entire 

shelf ecosystem. Despite this significant body of research, some groups of 

species remain underrepresented in monitoring programmes that cover this 

shelf sea, particularly the gelatinous zooplankton community (Gibbons and 

Richardson 2009). 

The growing appreciation of the importance of gelatinous zooplankton in 

marine ecosystems has highlighted the need to monitor this group with 

better geographic, temporal, and taxonomic resolution (Haddock 2004). 

This is especially relevant to shelf seas, where human impact on the marine 
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environment is most intense (Halpern et al., 2008). Most long term data sets 

for gelatinous zooplankton in shelf seas are for the largest and more robust 

species (i.e. most scyphozoans and large hydrozoans) that are caught in 

large meshed nets during fisheries surveys (Brodeur et al. 2008; Lynam et 

al. 2011). Though these novel data sets have provided important 

information for the sustainable management of some shelf ecosystems 

(Brodeur et al. 2008; Lynam et al. 2011; Aubert et al. 2018), this level of 

knowledge has not yet been gathered across extensive shelf areas for the 

smaller gelatinous mesozooplankton groups (Gibbons and Richardson 

2009).  

Zooplankton monitoring programmes that do include gelatinous 

mesozooplankton data often classify them into groups of low taxonomic 

resolution, such as “coelenterata” (Condon et al. 2013). The lack of species-

resolution data for gelatinous mesozooplankton in many of these data sets 

removes the ability to observe subtle changes in particular groups of species 

that differ in specific biological traits (Southward et al. 1995). As a result, 

there are limited studies that explain the interannual variability of gelatinous 

mesozooplankton abundance with a high taxonomic resolution (Southward 

et al. 1995; D’Ambrosio et al. 2016; Guerrero et al. 2018). Even the most 

comprehensive zooplankton monitoring survey in the North Atlantic (the 

Continuous Plankton Recorder survey) is selective when capturing 

gelatinous zooplankton (e.g. Pelagia noctiluca) (Baxter et al. 2010), so 

gelatinous zooplankton data from the CPR survey should be supported by 

other forms of information such as genomics (Licandro et al. 2015) or 

additional quantitative sampling (Baxter et al. 2010). 

Therefore, to better understand the long-term trends of gelatinous 

mesozooplankton abundance and diversity in shelf seas, mesozooplankton 

net samples were collected and analysed for the period 2007 to 2019 in the 

Celtic Sea region during mid-summer. These data are compared to in situ 

and satellite-derived physical parameters to determine the potential 

mechanisms that influence the interannual variability of gelatinous 

mesozooplankton abundance and diversity. The implications of any detected 
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trends and mechanisms for change are discussed in the context of the Celtic 

Sea ecosystem. 

3.3 Materials and methods 

3.3.1 Zooplankton sample collection 

All sampling was carried out in Irish and United Kingdom territorial waters 

aboard the RV Celtic Explorer (Marine Institute of Ireland). One hundred 

and sixty-seven zooplankton samples were collected in the Celtic Sea region 

during seven fisheries surveys over thirteen years between June 10th and 

July 27th each year (mean sampling date overall was July 1st, 23.85 samples 

collected per survey on average). As no single fisheries survey had an 

adequate temporal coverage of sampling in the Celtic Sea, mesozooplankton 

samples were collected from two fisheries survey series, the Irish Mackerel 

and Horse Mackerel Egg Survey (Irish MEGS) and the Western European 

Shelf Pelagic Acoustic Survey (WESPAS). The Irish MEGS surveys 

collected zooplankton samples in 2007, 2010 and 2013 and WESPAS 

surveys collected zooplankton samples in 2016, 2017, 2018 and 2019 

(Figure 3.1). The Irish MEGS surveys used a Gulf VII sampler to sample 

zooplankton. This sampler had a 0.2 m diameter aperture, with a 250 µm 

mesh, and was towed on a double-oblique (V-shaped) profile at an average 

speed of ~ 2 m s-1 to within 10 m from the bottom (ICES 2019). Samples 

were immediately preserved in 4% buffered formalin upon collection. Three 

hours after preservation, all fish eggs and larvae were carefully removed 

from the samples, and the remainder of each sample was placed in long term 

storage (more information provided in ICES 2019). The WESPAS surveys 

used a ring net sampler to sample zooplankton. This net had a 1 m diameter 

aperture, a 200 µm mesh and was deployed vertically at an average speed of 

~ 0.5 m s-1 to within 10 m of the bottom (O’ Donnell et al. 2019). These 

samples were split using a 200 ml Folsom plankton splitter. One half was 

preserved immediately in 4% buffered formalin and stored (for the current 

study), while the other half was used to estimate the total dry weight of each 
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zooplankton sample (presented in O’ Donnell et al. 2019). It was recently 

demonstrated that the Gulf VII net and the ring net provide similar estimates 

of gelatinous mesozooplankton abundance and diversity with exception to 

the Gulf VII underestimating the abundance of Oikopleura sp. by a factor or 

9.7 (Long et al. in press). As such, the abundance of this species was raised 

by this factor for samples which were collected by a Gulf VII sampler (Irish 

MEGS surveys) in this study. Otherwise, the difference in net type among 

the surveys was not considered as a sampling bias for our analysis. A 

comprehensive description of zooplankton sample collection is detailed in 

ICES (2019) for surveys that used a Gulf VII sampler, and in WESPAS (O’ 

Donnell et al. 2019) for surveys that used a ring net. To further reduce 

station variability among survey years, stations with a bottom depth greater 

than 200 m and stations that were outside the limits of the Celtic Sea (48°N 

- 52°N, 6°W - 11°W) were removed from the analysis (32 stations removed, 

136 retained). Details for each survey are provided in Appendix 3. 
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Figure 3.1 Spatial coverage of zooplankton net deployments and Conductivity, Temperature 

and Depth deployments. 2007 – 2013 = Gulf VII net (Irish MEGS surveys). 2016 – 2019 = ring 

net (WESPAS surveys). Dashed contour = 200 m (edge of continental shelf). The extent map 

shows limits of the Celtic Sea relative to the North Atlantic Ocean. The specific station 

information for each survey is presented in Appendix 3. 

 

3.3.2 Zooplankton sample processing 

Gelatinous zooplankton present in each zooplankton sample were 

enumerated using a dark field microscope and were identified to species 

level where possible. If one or more species were highly abundant in a 

sample (>100 individuals in 20 ml portion of a 200 ml sample), the sample 

was split up to four times (1/16th) using a 200 ml Folsom Plankton Splitter 

(note: WESPAS samples were already split once during sample collection). 
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The entirety of each sample was analysed for gelatinous species that can be 

> or < 2 cm (e.g. Leuckartiara sp. or Clytia sp.). Calycophoran 

siphonophore abundances were estimated as the sum of anterior nectophores 

present per species. Physonect siphonophore colony abundances were 

estimated for each species using the equation ((X / α) + Y), where X was the 

sum of nectophores in a sample, Y was the sum of physonect larval colonies 

in a sample, and α was a factor representing the average number of 

nectophores present on an adult physonect colony of each species. This 

factor (α) was obtained for each species from past studies of physonect 

morphology in the North East Atlantic region (e.g. α = 10 for Nanomia 

bijuga, Totton 1965; α = 15 for Agalma elegans, Totton 1965). As most 

ctenophore species are very fragile (Hosia et al. 2017) and most 

scyphozoans are greater than 2 cm in size (Russell 1970), both of these 

groups were likely underrepresented in our samples (as we used small 

meshed nets) and as a result data for ctenophores and scyphozoans were 

excluded from any quantitative analyses. 

3.3.3 Environmental data collection 

Conductivity, Temperature and Depth (CTD) profiles were recorded during 

(Irish MEGS) or directly before (WESPAS) each zooplankton net haul (see 

Appendix 3 for full CTD deployment details). CTD data were processed to 

calculate sea surface temperature (SST; temperature at 5 m depth), 

thermocline depth, Schmidt stability index, and the centre of buoyancy of 

the water column at each station. The centre of buoyancy was calculated 

using a centre of mass analysis of the buoyancy frequency of each profile, 

and is measured as a specific depth (m). Thermocline depth was calculated 

as the bottom depth of the region of greatest change in temperature in the 

entire water column. The top 5 m of each CTD profile was removed from 

this analysis, to remove variability incurred by diurnal heat exchange in the 

surface layer. The mean of each parameter was calculated per survey and 

these were compared over time. Computational analyses and visual outputs 

for CTD data were carried out in R program version 3.4.3 (R Core Team 

2016) using the ‘rLakeAnalyzer’ (Winslow et al. 2019) and ‘oce’ packages 
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(Kelly et al. 2020), and the Sea-bird software. To better understand the 

evolution of SST approaching each survey period over the North West 

European Shelf (NWES) region, Odyssea reprocessed Sea Surface 

Temperature data was also attained (Autret et al. 2019a, 2019b). These 

satellite-derived, level 4, gap-free SST data are available at 0.04° spatial 

resolution and daily temporal resolution and are produced by the French 

Research Institute for Exploitation of the Sea (IFREMER) within the 

GHRSST framework (Group for High Resolution Sea Surface 

Temperature). This product was accessed through the Copernicus Marine 

Environment Monitoring Service (http://marine.copernicus.eu). From this, 

SST data (°C) were calculated for each zooplankton station on the mean 

sampling day of the study (July 1st, summer), the date 3 months before 

(April 1st, spring), and the date 6 months before (January 1st, winter). To 

understand the interannual variability of SST over the larger NWES region 

each summer, the mean latitude of the 16°C isotherm was also calculated for 

this large region on July 1st for each survey year. All satellite-derived data 

was analysed using ArcMap version 10.7.1 (2020). As long-term 

oscillations of ocean-atmospheric systems can affect the interannual 

variability of marine zooplankton populations (Eloire et al. 2010), monthly 

mean data for the North Atlantic Oscillation and the Eastern Atlantic Pattern 

were obtained for the study period (2007-2019) from the NOAA Climate 

Prediction Centre data repository (https://www.climate.gov). Both the North 

Atlantic Oscillation and the Eastern Atlantic Pattern are atmospheric 

pressure systems which oscillate latitudinally in the northern hemisphere 

over multidecadal time scales and these indices are strongly linked to long 

term trends in SST and wind behaviour in the North East Atlantic (Cannaby 

and Hüsrevolu 2009). 

3.3.4 Data analysis 

For the five most abundant species in the zooplankton samples, temporal 

trends in their relative contribution to total gelatinous mesozooplankton 

abundance were examined. This allowed any changes in gelatinous 

community composition to be detected. Species abundance data were also 
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converted into a Bray-Curtis dissimilarity matrix (after it was subjected to 

Wisconsin double standardisation to downweigh highly abundant species) 

and then plotted using non-metric dimensional scaling (NMDS). This was 

executed in R program version 3.4.3 (R core team, 2016) using the package 

‘vegan’ (Oksanen et al. 2014). To gain an initial understanding of the 

interannual variability of gelatinous mesozooplankton abundance, the 

combined mean abundance of all gelatinous zooplankton species was 

calculated for each survey and these were compared to temporal 

characteristics of the environmental parameters. Additionally, gelatinous 

species abundance data were grouped based on their life history 

(meroplanktonic species vs holoplanktonic species) as species with different 

life histories can have unique responses to environmental change (Bedford 

et al. 2020). Possible associations between the different abundance 

groupings and the environmental data were first estimated using pair-wise 

Spearman’s rank correlations. To incorporate any random effects of our 

sampling design while quantifying the relationship between gelatinous 

abundance and environmental parameters, generalised linear mixed models 

(GLMMs) were constructed for the life history groups using the Laplace 

approximation method and a log link function. Fixed effects were selected 

using a backward stepwise process, using the Akaike information criterion 

value to compare the goodness of fit among models. These included CTD 

parameters (buoyancy frequency, thermocline depth, SST), satellite SST 

parameters (SST at 0, 3 and 6 months before sampling, latitude of the 16°C 

isotherm in July) and hydroclimatic indices (EAP and NAO at 0, 3 and 6 

months before sampling). If any fixed effects had a moderate-strong 

correlation (> 0.5), the fixed effect with the highest estimate was retained, 

and other correlated effects were removed from the model. Response 

variables (holoplanktonic abundance and meroplanktonic abundance) both 

followed a gamma distribution. Fixed effects were rescaled to a mean of 0 

and a standard deviation of 1 prior to the model selection process as we 

encountered issues with model convergence. The random effects that were 

explored for each model included survey year (7 levels) and net type used (2 

levels). All statistical analyses for models were carried out in R program 

version 3.4.3 (R Core Team 2016) using the package ‘lme4’ (Bates et al. 
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2020) and data distribution was explored using the package ‘fitdistrplus’ 

(Delignetter-Muller et al. 2019). 

3.4 Results 

3.4.1 Temporal trends in environmental conditions 

Over the Northwest European Shelf, the mean latitude of the 16°C isotherm 

in July (from satellite SST data) followed a similar trend to the mean SST 

for each survey (from CTD data), suggesting a good agreement between the 

CTD and satellite data (Figure 3.2). There was an incremental increase in 

mean SST and mean latitude of the 16°C isotherm from 2007 to a maximum 

in 2013 (temperature = 18.2°C, latitude = 51.3°N) and a subsequent 

decrease from 2013 to a minimum mean in 2017 (temperature = 14.7°C, 

latitude = 49.9°N). The mean SST and latitude of the 16°C isotherm 

increased slightly from 2017 to 2019.  

Other physical parameters such as thermocline depth, buoyancy frequency 

and the Schmidt Stability Index (SSI) displayed different magnitudes of 

interannual variability. Mean buoyancy frequency inversely agreed with 

mean SST and the mean latitude of the 16°C isotherm over time (Figure 

3.2). The mean Schmidt Stability Index was typically low for each survey (< 

100 kg m-2) with exception to the 2013 survey which had a mean SSI almost 

ten times higher than any other survey (955.25 kg m-2), suggesting there was 

particularly intense thermal stratification that summer. The trend in mean 

thermocline depth was different to the temporal trends of other physical 

parameters. The minimum mean thermocline depth was recorded in 2007 

(32.16 m), and the maximum mean thermocline depth was recorded in 2017 

(52.31 m). The mean thermocline depth during the 2013 and 2017 surveys 

were similar, even though these two surveys had the largest difference in 

mean SST. 
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Figure 3.2 Mean values in the Celtic Sea per survey for (a) sea surface temperature (°C) from 

CTD sampling, (b) latitude of the 16°C isotherm across the North West European Shelf in July 

(decimal degrees) from satellite data and (c) Centre of buoyancy (m). Note that the y axis for the 

centre of buoyancy (c) is inverted so its trend can be compared to (a) and (b). Error bars 

indicate the standard error of the mean. 

 

3.4.2 Trends in diversity and community composition 

A total of 38 gelatinous zooplankton species were identified in the Celtic 

Sea over the 13-year study period, which included 24 hydromedusae, 4 

siphonophores, 3 scyphomedusae, 3 ctenophores (2 lobate and 1 cydippid 

species), 2 salps, 1 doliolid and 1 appendicularian. Despite this large overall 

diversity, the mean species richness of gelatinous zooplankton in each 

sample was much lower (8.67 ± 1.29; ± represents the 95% confidence 

interval of the mean for the remainder of the text). Six of these species were 

considered rare as they were only present in one sample of one survey, five 



Chapter 3: Gelatinous mesozooplankton in the Celtic Sea 

47 

of these were found in 2013 only. These were the hydromedusae, 

Bougainvillia pyramidata (2013), Modeeria rotunda (2013) and Eutima 

gracilis (2018), the siphonophore Apolemia sp. (2013), the scyphomedusan 

Cyanea lamarckii (2013) and the salp Soestia zonaria (2013). 

Five species dominated the abundance of gelatinous species in samples from 

each survey, and their relative contributions to total gelatinous abundance 

varied over time (Figure 3.3). Oikopleura sp. was the most abundant species 

in five of the seven sample years and its mean abundance varied 

considerably over time (mean abundance; maximum in 2017 = 111.43 ± 

34.65 individuals (ind.) m-3, minimum in 2013 = 2.04 ± 3.26 ind. m-3). In 

samples of the 2007 and 2010 surveys, the calycophoran siphonophore 

Muggiaea atlantica was the second most abundant gelatinous 

mesozooplankton species, with a mean abundance of 43.63 ± 14.85 ind. m-3 

in 2007 and 7.36 ± 4.86 ind. m-3 in 2010. For the remainder of the study, M. 

atlantica abundances were low (mean abundance < 0.5 ind. m-3). Mean 

abundance in 2013 was dominated by an equal proportion of Aglantha 

digitale, Dolioletta sp. and Oikopleura sp., although the total mean 

gelatinous abundance was low this year (7.76 ± 5.19 ind. m-3). Parallel to a 

reduction in the relative contribution of M. atlantica to total gelatinous 

abundance in samples from 2016 to 2019, there was a clear increase in the 

relative contribution of the siphonophore Agalma elegans in those years. A 

full list of the gelatinous species and their contributions to mean abundance 

each survey is provided in Appendix 4. 
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Figure 3.3 Top panel: High temporal variability in the relative contribution of the five most 

abundant gelatinous mesozooplankton species as a percentage of total gelatinous 

mesozooplankton abundance for each survey. Black = Other species, Grey = Aglantha digitale, 

Blue = Dolioletta sp., Green = Oikopleura sp., Yellow = Agalma elegans, Red = Muggiaea 

atlantica. Bottom panel: Mean abundance (ind. m-3) of the five most abundant species each 

survey. Oikopleura sp. is the most abundant species in five of the seven surveys. The relative 

abundance (and mean abundance) of M. atlantica decreases considerably each year from 2007 

to 2013 and is not visible in the last four sample years due to low abundances. At the same time, 

the relative abundance of A. elegans and A. digitale was higher in the last four surveys. 

 

The temporal changes in community abundance and composition are further 

highlighted by plotting the species abundance matrix (Bray-Curtis 

dissimilarity, Wisconsin standardisation) using non-metric dimensional 

scaling (NMDS) and grouping the samples by survey (Figure 3.4). Samples 

in the first two surveys (2007 and 2010) grouped together on the NMDS 

plot, the last four surveys formed a second grouping (2016, 2017, 2018 and 

2019), while samples from 2013 plotted away from all other samples in the 

study. The stress of the analysis was moderate (0.24) which suggests weak 
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clustering and confirms that subtle changes in community composition 

occurred over time. 

 

Figure 3.4 Non-metric dimensional scaling (NMDS) plot of the gelatinous mesozooplankton 

species abundance matrix (Bray-Curtis dissimilarity, Wisconsin standardisation, stress = 0.24) 

grouped by survey year. Ellipse = extent of 1 standard deviation from the centroid of the 

stations of a survey. The ellipses for 2007 (red) and 2010 (black) group close together, as do the 

ellipses for 2016, 2017, 2018 and 2019 (blue, cyan, purple, and yellow, respectively). The ellipse 

for 2013 (green) is in isolation. Points are individual stations coloured based on survey year. 

 

3.4.3 Trends in gelatinous abundance 

Although there was no linear relationship between total gelatinous 

mesozooplankton abundance and survey year (Spearman, r = -0.09, p = 

0.287), total mean abundance varied considerably among the surveys, by as 

much as a factor of 33 (Figure 3.5). Total mean abundance decreased 

incrementally over the first three surveys of the time series from 129.74 ± 

81.33 ind. m-3 in 2007 to 7.76 ± 5.19 ind. m-3 in 2013. Total mean 

abundance was incrementally higher over the next two surveys (2016 and 
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2017) reaching a maximum mean abundance in 2017 samples (244.87 ± 

84.59 ind. m-3). There was a step decrease in total mean abundance in 

samples of the last two surveys, returning to a relatively low mean 

abundance of 31.92 ± 16.29 ind. m-3 in 2019 samples. 

When gelatinous species abundance data was grouped by life history, trends 

in the abundance of holoplanktonic and meroplanktonic gelatinous 

mesozooplankton in the Celtic Sea were different over the study period. The 

temporal trend of holoplanktonic species abundance was similar to that of 

total gelatinous mesozooplankton abundance as holoplanktonic species 

contributed to 93.27% of total gelatinous mesozooplankton abundance on 

average in samples (see Figure 3.5). Mean meroplanktonic species 

abundance remained below ~ 3 ind. m-3 in samples of each survey except for 

2017 when mean meroplanktonic species abundance was at its study 

maximum (28.91 ± 21.55 ind. m-3). Meroplanktonic species contributed to 

6.73% of the total gelatinous mesozooplankton abundance in samples on 

average. 
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Figure 3.5 Interannual variability of gelatinous mesozooplankton abundance of all species 

combined (grey dashed), holoplanktonic species abundance (red) and meroplanktonic species 

abundance (green). Holoplanktonic species abundance varies on a much larger magnitude 

compared to that of meroplanktonic species. Holoplanktonic species contributed to 93.27% of 

total gelatinous abundance on average over the study. 

 

3.4.4 Relations between abundance groups and environmental data 

The abundance of holoplanktonic and meroplanktonic gelatinous 

mesozooplankton had weak-moderate and significant (p < 0.01) Spearman 

rank correlations with several physical parameters over the study period. For 

holoplanktonic abundance, these included the latitude of the 16°C isotherm 

in July (ρ = -0.40, p < 0.0001) and the Eastern Atlantic Pattern index during 

the sampling period (ρ = 0.227, p = 0.008). The latitude of the 16°C 

isotherm in July (ρ = -0.31, p < 0.0001) and the NAO index 3 months before 

the sampling period (ρ = 0.287, p < 0.001) had weak but highly significant 

correlations with meroplanktonic abundance. When the abundance of all 

species is combined (as total gelatinous abundance), the strength of the 

negative association with the latitude of the 16°C isotherm in July is slightly 

greater (ρ = -0.41, p < 0.001). This is best illustrated by mapping the spatial 

association between total gelatinous abundance and the 16°C isotherm in 

July for each survey (Figure 3.6). When the 16°C isotherm was further 
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south (e.g. during the summers of 2007 and 2017), total gelatinous 

abundance was higher in the Celtic Sea. Total gelatinous abundance was 

lower when the 16°C isotherm was further north (e.g. during the summers of 

2010 and 2013). Surveys 2016 and 2018 may represent intermediary years 

between high and low abundance and a moderately positioned 16°C 

isotherm. 

 

Figure 3.6 Distribution of the 16°C isotherm in July (red line) for surface waters in the Celtic 

Sea and neighbouring waterbodies from 2007 to 2018.  Black circles = Total gelatinous 

mesozooplankton abundance (individuals m-3) per zooplankton sampling station. Total 

abundance was higher during summers when the 16°C isotherm was further south (e.g. in 

summers 2007 or 2017). In years when the 16°C isotherm was further north; total abundance 

was lower (e.g. in summers 2010 or 2013). Note: data for 2019 is not shown as the satellite 

product this year is not yet calibrated with the rest of the SST time series. 
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Mixed effects modelling highlighted the linkages underpinning the 

Spearman rank associations. It revealed that different physical parameters 

affected the abundance of the two functional groups of gelatinous 

mesozooplankton over time. The final model for holoplanktonic abundance 

included station latitude, the latitude of the 16°C isotherm in July and the 

EAP (East Atlantic Pattern) index three months before sampling as fixed 

effects, and year as a random effect. The random effect (year) explained 

26.72% of among-group variation on average (intercept = 0.396, SD = 

0.629). The variables with the largest effect on holoplanktonic abundance 

were the latitude of the 16°C isotherm in July (estimate = -0.862, t130 = -

3.674, p = 0.001) and the EAP index three months before the sampling 

period (estimate = 0.475, t130 = 2.034, p = 0.041) and these effects were both 

significant. Station latitude had a small significant effect (0.229, t130 = 

2.148, p = 0.081). 

In the final model for meroplanktonic species abundance, the random effect 

(year) explained 77.28% of among-group variation (intercept = 9.935, SD = 

3.152). The SST 3 months before sampling was the parameter that had the 

largest effect on the variability of meroplanktonic abundance (estimate = -

1.354, t129 = -3.348, p < 0.001). Station latitude had a small significant effect 

on meroplanktonic abundance (estimate = -0.684, t129 = -2.176, p = 0.029), 

which represented some spatial correlation among surveys. The other fixed 

effect (NAO at time of sampling) did not have a significant effect on 

meroplanktonic abundance and the estimated effect was smaller than the 

other two variables (-0.456, t129 = -0.532, p = 0.594). It should be noted that 

net type (ring net vs Gulf VII sampler) was queried as a random effect in 

both sets of models and this variable did not explain any substantial random 

variation in the abundance of either groups of species between survey years, 

which is supported by the work of Long et al. (in press).  

3.5 Discussion 

Over the past century, there has been a considerable body of work 

investigating the zooplankton dynamics of shelf seas in the North East 
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Atlantic (Hays et al. 2005). In the Celtic Sea, the work of Fraser (1955) was 

the first to investigate the variability of zooplankton. Since then, the 

interannual variability of copepod abundance and diversity (Williams 1985; 

Williams et al. 1994; Beaugrand et al. 2000) and their abundance over time 

relative to other trophic levels has been well documented (Lauria et al. 

2012). In contrast to the extensive research of crustacean zooplankton in the 

Celtic Sea, the interannual variability of gelatinous mesozooplankton 

abundance and diversity is vastly underrepresented in the literature 

(Gibbons and Richardson 2009). This is surprising as gelatinous 

mesozooplankton are a natural and sometimes vital component of marine 

ecosystems (Boero et al. 2008). Moreover, no research has investigated the 

mechanisms that drive the temporal variability of gelatinous 

mesozooplankton in this shelf sea until now. 

Within this framework, one of the most important findings from this study 

was that the gelatinous mesozooplankton community underwent 

considerable changes in abundance and composition from year to year but 

there was no significant linear trend in gelatinous abundance over time 

(Spearman, r = -0.09, p = 0.287; Figure 3.5). The non-linear trend in 

gelatinous mesozooplankton abundance in this study is contrasted by other 

research in the Celtic Sea and adjacent seas, which have reported an 

increase (Lynam et al. 2011) or a decrease (Bedford et al. 2020) in the 

abundance of certain zooplankton taxa over several years. In the Irish Sea 

(northeast of our study region), Lynam et al. (2011) found that the 

abundance of scyphozoan jellyfish increased over a 15-year period, and this 

was linked to changes in climatic factors (SST, precipitation and the North 

Atlantic Oscillation Index) and the overexploitation of certain commercial 

fish stocks such as Atlantic herring (Clupea harengus). A more recent 

analysis of plankton in the Celtic and North seas between 1956 and 2017 

revealed that a decrease in the abundance of large diatoms and non-

gelatinous holoplankton (mainly small copepods) and a concurrent increase 

in the abundance of non-gelatinous meroplankton have occurred in 

accordance with a gradual increase in mean SST (Bedford et al. 2020). The 

trend of gelatinous mesozooplankton abundance in the Celtic Sea is 
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therefore atypical of what has been reported for other taxa. Reasons for this 

may be the limited time series used in this analysis (i.e. 7 data years 

collected over 13 years), which may not be sufficient to detect broader 

trends in gelatinous zooplankton abundance (Lavaniegos and Ohman 2007). 

Furthermore, assessing the interannual trends of this group as a single unit 

(total gelatinous abundance) may have masked distinct responses of certain 

gelatinous species which can have different evolutionary histories and 

ecological functions (Doyle et al. 2014). 

While no liner trend was detected, it was noteworthy that the mean 

abundance varied from year to year by as much as a factor of 33 (mean 

gelatinous abundance: 7 ind. m-3 in 2013 vs. 245 ind. m-3 in 2017). This 

scale of variability in abundance is considerable, given that in the Western 

English Channel (a coastal region southeast of the Celtic Sea), the mean 

abundance of all zooplankton species varied each summer from 1988 to 

2007 by a much smaller factor of 4 (Eloire et al. 2010). Further south in the 

NW Mediterranean Sea, Guerrero et al. (2018) showed that the mean 

abundance of gelatinous zooplankton doubled between 1983 and 2017, and 

the mean abundance estimates there were much higher than those of the 

Celtic Sea (mean gelatinous abundance in June 1983 = 7233.65 ind. m-3 and 

14,300.47 ind. m-3 in 2018). Although the overall abundance of gelatinous 

mesozooplankton is low in the Celtic Sea relative to lower latitudes (e.g. 

Guerrero et al. 2018), the abundance of this group varied on a much larger 

scale here compared to other shelf seas, over a relatively short time period. 

This may have been a consequence of the intrinsically transitional nature of 

temperate shelf seas, which are known to contain different proportions of 

warm temperate and cold boreal species over decadal time scales in 

response to changes in environmental conditions (Southward et al. 1995; 

Hátún et al. 2009). 

Analysis of the species compositional data revealed that the gelatinous 

mesozooplankton community also experienced substantial compositional 

changes over time, especially among the five most abundant species on 

average over the study (Figure 3.3). The most striking compositional change 
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was a gradual decrease in the relative abundance of the calycophoran 

siphonophore Muggiaea atlantica (which was the second most abundant 

species in the first two surveys of the study in 2007 and 2010) contrasted 

with an increase in the relative abundance of the physonect siphonophore 

Agalma elegans between 2016 and 2019. Concomitant with this overturn in 

siphonophore abundance came an increase in the relative abundance of 

Dolioletta sp. in 2013 and 2016 as well as an increase in the relative 

abundance of the hydrozoan Aglantha digitale from 2013 onward. The 

relative abundance of Oikopleura sp. was the highest of any species in five 

of seven surveys, however its mean abundance varied considerably over 

time (mean abundance; maximum in 2017 = 111.43 ± 34.65 ind. m-3, 

minimum in 2013 = 2.04 ± 3.26 ind. m-3). An extensive review of 

zooplankton time series concluded that zooplankton community 

composition can vary interannually in moderate to large magnitudes, and 

these changes occur in accordance with changes in physical environmental 

conditions (Mackas et al. 2012), which are frequent in temperate seas 

(Hátún et al. 2009). The gelatinous community composition changed several 

times in a relatively short time period (13 years) and this is another 

indication that the Celtic Sea ecosystem is highly dynamic and may be 

another reflection of the transitional nature of temperate shelf seas.  

M. atlantica is a particular species of interest, as it forms coastal 

aggregations which have negatively affected the aquaculture industry in 

several temperate seas including those in Ireland, the UK and Norway 

(reviewed in Purcell et al. 2013; Bosch-Belmar et al. 2020). It has been 

suggested that M. atlantica is at its northern reproductive limit in the 

Western English Channel, as it will only produce sexual eudoxid stages 

after a thermal threshold of 9°C is met, and prey abundance (calanoid 

copepods and bivalve larvae) is high after the spring phytoplankton bloom 

(Blackett et al., 2014, 2015). Therefore, changes in the abundance of 

eudoxid and polygastric stages of M. atlantica in the Celtic Sea each 

summer was likely a result of changes in the advection of source 

populations in the Western English Channel or the northern Bay of Biscay, 

as well as the abundance of the source population each year (Blackett et al., 
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2015; Haberlin et al., 2016). As aggregations of M. atlantica typically occur 

in Irish coastal waters between August and November (Baxter et al., 2011; 

Haberlin et al., 2016), knowledge of the abundance of this species in the 

Celtic Sea in the summer may be valuable to the Irish aquaculture industry. 

This information could be used to further develop an early warning system 

that has already been trialled in the Bantry Bay area for M. atlantica 

aggregations (Peck et al., 2020), which could further alleviate the damage 

incurred by this species on the Irish aquaculture industry. 

The ecological impact of the observed changes may have been substantial, 

as gelatinous mesozooplankton can fulfil a diverse set of ecosystem roles 

(Doyle et al. 2014). High abundances of hydrozoan ambush predators (e.g. 

Muggiaea atlantica in 2007, or Aglantha digitale and Agalma elegans in 

2016 and 2017) may apply substantial top-down control by consuming a 

variety of prey including other gelatinous zooplankton (Purcell 1997), 

crustacean zooplankton (Costello and Colin 2002) and even fish eggs or 

larvae in some cases (Purcell and Arai 2001). Phytoplankton populations 

may have also experienced strong top-down control from doliolids 

(Dolioletta sp. max. abundance in 2016 was 608 ind. m-3) and salps (Salpa 

fusiformis max. abundance in 2016 of 50 ind. m-3) as both groups of species 

have high phytoplankton clearance rates when in dense aggregations 

(Alldredge and Madin 1982; Paffenhöfer and Köster 2005). 

Appendicularians such as Oikopleura sp. (which was the most abundant 

gelatinous species overall) graze heavily on microplankton and particulate 

organic carbon, which forms a unique link between the zooplankton food 

web and the microbial loop (Lombard et al. 2011). Many species also 

consume gelatinous zooplankton as prey, such as other gelatinous species, 

molluscs, arthropods, fish, reptiles, and birds (Purcell 1997; Arai 2005; 

Pauly et al. 2009). The pronounced changes in community composition 

each summer may have had a substantial impact on this shelf ecosystem, 

and monitoring this dynamic community may be essential to assessing other 

changes in the ecosystem moving forward. 
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The diverse and dynamic trends in abundance displayed by gelatinous 

mesozooplankton species indicated that our initial analysis of this group as a 

single unit (total gelatinous abundance) potentially concealed distinct 

responses of different species due to differences in their biology. By 

grouping the gelatinous species abundance data based on their life history, 

we revealed that holoplanktonic and meroplanktonic gelatinous species 

followed different trends in abundance over time in response to different 

environmental factors. The gelatinous mesozooplankton community in this 

shelf sea was dominated by holoplanktonic species, which contributed to 

93.27% of total mean gelatinous abundance. Holoplanktonic species remain 

in the plankton throughout their life cycle, so it is logical that these species 

were much more abundant in this shelf sea when compared to 

meroplanktonic species whose planktonic life stage (i.e. medusae) is only 

seasonal and often short lived (Hays et al. 2005). In fact, the abundance of 

gelatinous (D’Ambrosio et al. 2016; Guerrero et al. 2018) and non-

gelatinous zooplankton assemblages in other shelf seas are also dominated 

by holoplanktonic species (Hays et al. 2005). Mixed effects modelling 

indicated that the interannual variability of holoplanktonic gelatinous 

species abundance was largely influenced by the combined effects of the 

spring Eastern Atlantic Pattern index and summer SST (represented by the 

latitude of the 16° C isotherm in July). This key result is in agreement with 

findings in several other shelf seas which show that zooplankton 

communities exhibit regionally-specific responses to changes in 

oceanographic conditions (SST, wind and/or thermal stratification), which 

are underpinned by natural oscillations in atmospheric pressure systems 

(Beaugrand and Reid 2003; Lavaniegos and Ohman 2007; Eloire et al. 

2010). Of the few studies with a primary focus on the mechanisms which 

drive the interannual variability of gelatinous mesozooplankton, Guerrero et 

al. (2018) found that the gelatinous mesozooplankton community in the NW 

Mediterranean Sea has responded to a 30 year increase in summer SST, 

highlighted by an increase in the abundance of two dominant holoplanktonic 

species (Muggiaea kochii and Aglaura hemistoma). The holoplanktonic 

gelatinous species in our study had a contrasting negative relationship with 

the position of the 16°C isotherm in July (a proxy for summer SST; Figure 
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3.6), possibly due to the higher proportion of cold temperate gelatinous 

species in the Celtic Sea, which prefer milder temperatures (Southward et 

al. 1995). The Eastern Atlantic Pattern (EAP) index documents the 

oscillatory movement of atmospheric pressure centres between the central 

North Atlantic and the Western European continent. Such changes in the 

atmosphere can affect sea level pressure, wind (Zubiate et al. 2017) and heat 

exchange processes which together influence the multidecadal variability of 

SST in the Celtic Sea (Cannaby and Hüsrevolu 2009). The hierarchical 

effect of changes in the EAP could have indirectly influenced the abundance 

of holoplanktonic species in the Celtic Sea by altering wind- and density-

driven oceanographic processes (Cannaby and Hüsrevolu 2009). These 

processes include the formation of the summer thermocline, and the 

interaction of the European Slope Current and the North Atlantic Current 

with the Celtic Sea and adjacent shelf seas (Huthnance et al. 2009; Xu et al. 

2015). The fact that the EAP index has displayed an increasingly positive 

trend over the last fifty years coupled with anthropogenically induced 

climate change (Cannaby and Hüsrevolu 2009) means that Celtic Sea SST 

will continue to increase in the future. This may favour lower abundances of 

holoplanktonic gelatinous mesozooplankton. 

The abundance of meroplanktonic gelatinous zooplankton varied on a 

smaller scale and contributed to < 7% of total gelatinous abundance on 

average. This is an important result which suggests that during the summer, 

the Celtic Sea does not support high abundances of meroplanktonic 

gelatinous mesozooplankton relative to that of holoplanktonic gelatinous 

mesozooplankton. This may be due to the fact that meroplanktonic 

gelatinous species tend to be more abundant in coastal regions (Russel, 

1953; Hays et al. 2005), and in the central Celtic Sea and further offshore, 

there may be less suitable substrata for the benthic stages of meroplanktonic 

species to attach to. However, it must be noted that the annual occurrence of 

the sexual free-living stage of most meroplanktonic species (the medusa) is 

often short lived (2 - 3 months; Russel, 1953) and the seasonal timing of 

their peak abundance can vary each year by several months (Russell, 1953; 

Schuchert, 2010). For the rest of the year, gelatinous meroplankton 
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populations are maintained as benthic life stages (hydroids) which occupy a 

range of benthic substrata including bedrock, sediment (Schuchert, 2010) or 

attached to other organisms (mollusc shells; Edwards, 1965; marine 

sponges; Schuchert, 2019; kelp fronds; Ronowicz et al. 2008). As such, the 

generally low abundances of meroplanktonic gelatinous mesozooplankton in 

our samples may be a consequence of the naturally high variability of the 

seasonal occurrence of meroplanktonic medusae. Despite their low 

contribution to total abundance, the interannual variability of 

meroplanktonic species abundance was affected by a combination of 

parameters, including the spring SST (from satellite data; largest effect) and 

the latitude of zooplankton stations each year (smallest effect). Changes in 

spring SST may have directly affected the interannual abundance of 

meroplanktonic species as this coincides with a seasonal event where 

medusae are produced asexually from benthic hydroids and are released into 

the plankton (Purcell et al. 2009). Although several young medusae may 

bud from each hydroid through spring and summer, a change in spring 

temperature may affect the rate of lateral budding, the mortality rate of 

hydroids or the mortality rate of young medusae (Lynam et al. 2011). The 

interannual variability of spring SST could also indirectly affect the 

abundance of meroplanktonic gelatinous species via the availability of food 

for young medusae in the water column (i.e. phytoplankton and copepods) 

and the availability of food for benthic hydroids in the form of particulate 

organic matter transported from the epipelagic zone to depth (Lynam et al. 

2011; D’Ambrosio et al. 2016; Guerrero et al. 2018). 

Despite an attempt to ensure that zooplankton samples from each survey 

represented a similar spatial extent of the Celtic Sea, mixed effects 

modelling indicated that the interannual variability of station latitude was an 

additional source of variation in holoplanktonic and meroplanktonic species 

abundance (detailed description of GLMM outputs in Results section). 

Mean station latitude was slightly higher in 2013 compared to the survey 

mean (2013 = 49.986°N, overall mean station latitude = 49.803°N), 

although the difference in station latitude among surveys was not significant 

(H = 1.098, df = 6, p = 0.982). Nonetheless, any potential variability caused 
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by station latitude each year was incorporated into our mixed effects 

models, which allowed us to estimate the effect sizes of the other fixed 

effects with greater confidence as a result. The correction factor (9.7) used 

for the abundance of Oikopleura sp. for surveys that used a Gulf VII 

sampler (2007-2013) may require further optimisation, as this factor was 

gathered from a single campaign that compared how the ring net and the 

Gulf VII sampled gelatinous mesozooplankton (Long et al. 2020). Further 

trials sampling gelatinous mesozooplankton with these two net types will 

provide greater confidence in calculating correction factors for species that 

are underrepresented. Although we described the relationship among the 

gelatinous mesozooplankton abundance data and several environmental 

parameters, it is likely that several biological interactions would have also 

played distinct roles in modulating the variability of gelatinous 

mesozooplankton abundance. Such interactions include the predation of or 

competition with other zooplankton species (e.g. Calanus spp. or 

pseudocalanus spp.), the abundance of phytoplankton (e.g. CPR 

phytoplankton colour index), or the abundance of pelagic fish (eggs, 

juveniles and adults) (e.g. Lynam et al. 2011). Future incorporation of these 

additional biological data would provide a comprehensive description of the 

causes and consequences of the interannual variability of gelatinous 

mesozooplankton abundance in the Celtic Sea, particularly for 

holoplanktonic species which spend their entire life cycle in the plankton. 

The pronounced interannual variability of gelatinous mesozooplankton 

abundance and composition observed in our study occurred over a relatively 

short time period (13 years). Multidecadal changes in the abundance and 

composition of other species in this temperate shelf ecosystem have already 

occurred, including phytoplankton (Schmidt et al. 2020), other zooplankton 

(Bedford et al. 2020), and fish species (Pinnegar et al. 2002), so there is a 

possibility that the gelatinous mesozooplankton community here has already 

undergone considerable change over the past several decades. With a 

continued rise in sea surface temperature projected for the Celtic Sea 

(Cannaby and Hüsrevolu 2009) and other temperate shelf seas, further 

changes in such ecosystems are likely to occur in the future (Richardson 
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2008). Both the longevity and the strength of seasonal thermal stratification 

has increased in the Northwest European Shelf region over the past fifty 

years (Schmidt et al. 2020). This has already been linked to a long-term 

reduction in food web productivity here (Bedford et al. 2020; Schmidt et al. 

2020), and it is still uncertain whether this is advantageous or not to 

gelatinous zooplankton. Our data suggest that higher abundances of 

holoplanktonic gelatinous mesozooplankton in the Celtic Sea are coincident 

with lower mean sea surface temperatures in July. Therefore, the projected 

regional increase in sea surface temperatures for the Celtic Sea (Cannaby 

and Hüsrevolu 2009) and associated physical changes (Schmidt et al. 2020) 

may inhibit higher abundances of holoplanktonic gelatinous 

mesozooplankton. 
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4.1 Abstract 

Large animal aggregations (blooms, swarms, flocks and schools) have 

fascinated scientists and naturalists for centuries. However, many marine 

species that form aggregations evade sampling by remote means, and thus 

our understanding of their spatiotemporal distribution is poor. This is 

especially true for the oceanic jellyfish Pelagia noctiluca, which has caused 

several fish kill events in fish farms across the North East Atlantic when it 

forms aggregations. To investigate the frequency and scale of P. noctiluca 

aggregations in this region, we collected semi-quantitative data for this 

species from an autumn-winter fisheries survey, which deployed 1,948 

trawls over 11 years (2008 – 2018) covering most of the Celtic Seas 

(~200,000 km2). We compared this data to environmental parameters and a 

citizen-science data set of coastal P. noctiluca stranding events. Although P. 

noctiluca was present on the Irish shelf in every year of the study (which is 

much higher than the historical record), aggregations of this warm-

temperate species only occurred in 4 of 11 years, as isolated events. When 

aggregations occurred, the highest by-catch density was recorded in the 

northern Irish shelf (mean annual northern by-catch = 0.028 kg ha-1, 

maximum catch = 27.1 kg ha-1 or 195 kg). Mixed effects modelling 

indicated that higher P. noctiluca occurrence was significantly related to 

south-easterly winds and the co-occurrence of a low North Atlantic 

Oscillation Index and a high Eastern Atlantic Pattern Index. The 

combination of these conditions may weaken the oceanographic boundary 

which exists at the shelf break (European Slope Current) and enhance the 

advection of offshore P. noctiluca into the Celtic Seas. P. noctiluca 

aggregations may positively and negatively affect this shelf ecosystem, and 

they remain a threat to the Irish aquaculture industry. Importantly, our data 

provides evidence for a recent increase in the occurrence of P. noctiluca in 

the North East Atlantic. 
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4.2 Introduction 

The biological phenomena of swarms, blooms, flocks and schools have 

fascinated scientists and naturalists for centuries (Allee 1927; Passino et al. 

2008; Veran et al. 2015). The scale of such phenomena (referred to 

hereafter as ‘aggregations’) can vary by orders of magnitude, with an 

aggregation of bees only some cubic metres in volume (Passino et al. 2008), 

whereas an aggregation of locusts can occupy thousands of cubic metres 

(Veran et al. 2015). Within terrestrial systems it is much easier to map the 

scale of aggregations with the use of in situ sampling (visual surveys) and 

remote sensing (drones or satellite imagery) (Veran et al. 2015). In contrast, 

the inherent difficulty of marine research (requirement of a sophisticated 

research vessel, crew and equipment, and the great volume of the marine 

biosphere) can prevent the accurate estimation of marine aggregations. 

Despite these challenges, there have been incredible advances in our ability 

to map the spatial and temporal extent of some marine aggregations, such as 

schools of pelagic fish and krill via remote acoustic estimation (Hewitt and 

Demer 2000; Brierley and Cox 2010; Trenkel et al. 2011). However, many 

other marine species escape remote detection, and researchers must rely on 

traditional sampling gear such as nets to quantify their abundance, biomass 

and spatial distribution. As such, the true spatiotemporal extent of many 

marine aggregations are not known. 

One species that can form extensive aggregations, but is difficult to sample 

is the scyphozoan jellyfish Pelagia noctiluca. P. noctiluca has a broadly-

defined distribution between subtropical and temperate latitudes due to its 

holoplanktonic life cycle (lack of a benthic hydroid stage) and its broad 

thermal range (< 14°C to > 26°C; Purcell et al., 2014). Despite the well 

documented trends of P. noctiluca abundance and distribution in 

Mediterranean waters (Daly-Yahia et al. 2010; Kogovšek et al. 2010; 

Canepa et al. 2014), there is a paucity of information for the long-term 

occurrence of this species in other parts of the world as their aggregations 

appear to be less frequent outside the Mediterranean (Doyle et al. 2008; 

Licandro et al. 2010). P. noctiluca is considered one of the most venomous 
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jellyfish in the Mediterranean Sea (Sabatés et al. 2010), and more frequent 

P. noctiluca aggregations there have negatively affected human activities. 

Their presence in coastal waters has impacted fisheries (damaging catches, 

stinging crew), aquaculture (fish mortality, pathogen hosts), tourism (beach 

closures, stinging bathers) and even energy production (clogging coolant 

intake screens in power plants) (Purcell et al. 2007; Canepa et al. 2014; 

Bosch-Belmar et al. 2020). 

The ecological effects of P. noctiluca aggregations can also be substantial as 

they are voracious generalist predators (Sabatés et al. 2010; Purcell et al. 

2014) and can exert top-down control of mesozooplankton populations 

including some larval fish (e.g. bay anchovy Anchoa mitchilli; Tilves et al., 

2016). Although P. noctiluca is known as a mid-water species (Canepa et al. 

2014), they migrate daily from depth to surface waters during the night in 

response to the movement of zooplankton prey (Ferraris et al. 2012). When 

in surface waters, they can be advected into shelf and coastal waters by 

wind- and buoyancy-driven surface currents (Sabatés et al. 2018). In Irish 

and UK coastal waters, historical records have shown that P. noctiluca 

aggregations have occurred sporadically between 1890 and 1985 (21 years 

out of 95; Doyle et al. 2008) recent aggregations have negatively affected 

aquaculture between late autumn and early winter there (Doyle et al. 2008; 

Baxter et al. 2010; Marcos-López et al. 2014). Despite the clear economic 

and ecological impacts this species can cause, there is currently no robust 

information available for the interannual variability of P. noctiluca 

abundance in most NEA shelf waters. 

As P. noctiluca are considered a mid-water oceanic species, it is thought 

that populations in the open Atlantic are driven onto the NEA shelf by shifts 

in regional weather (Fleming et al. 2013) or changes in large scale 

oceanographic currents like the North Atlantic Current and the European 

Shelf Current (Licandro et al. 2010). To date however, very few have 

attempted to quantify the relationship between the presence of P. noctiluca 

and hydroclimatic variables in the NEA. Extensive sampling over a single 

autumn-winter period in Irish shelf waters in 2009 demonstrated that P. 
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noctiluca aggregate over a large area (hundreds of kilometres), and 

population density and mean bell diameter decreased along a N-S latitudinal 

gradient (Bastian et al. 2011). Since widespread aggregations of P. 

noctiluca were detected in 2007 and 2009 (Doyle et al. 2008; Bastian et al. 

2011), no other research has attempted to map the spatiotemporal 

distribution of these aggregations in the North East Atlantic. 

Given the need for more adequate baseline data for P. noctiluca 

aggregations in the North East Atlantic (Licandro et al. 2010, 2015), here 

we describe the interannual variability of P. noctiluca abundance and 

distribution in a large portion of the Celtic Seas (~ 200,000 km2) over 11 

years. This data was gathered as by-catch during a fisheries research survey 

which carries out extensive demersal net sampling in Irish Shelf Seas each 

year from September to December. Trends in the spatial and temporal 

distribution of P. noctiluca density (kg ha-1) were compared and analysed 

alongside regional environmental variables including sea surface 

temperature, wind, atmospheric teleconnection pattern indices and coastal P. 

noctiluca stranding data. To our knowledge, this is the most comprehensive 

description of the spatial and temporal variability of  P. noctiluca 

aggregations in the North East Atlantic. 

4.3 Materials and methods 

4.3.1 Jellyfish data collection 

Between 2008 and 2018, gelatinous zooplankton by-catch was recorded 

during the Irish Ground Fisheries Survey (IGFS) on the RV Celtic Explorer 

following the methods set out in Bastian et al. (2011). The IGFS is 

conducted annually from September to December to monitor the recruitment 

of commercial fish species (by estimating the abundance of juvenile fish) in 

Irish Shelf waters. The survey design is semi-random, and depth stratified. 

As the IGFS reports data to the ICES International Bottom Trawl Survey 

Working Group, survey protocol is in line with other member institutes 

involved in this large-scale monitoring programme (ICES 2017). A high-
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headline, four panel GOV 36/47 demersal trawl (nylon mesh, 200 mm mesh 

size at wings, 20 mm at the cod end) is used for demersal sampling (ICES 

2018c). After the net is deployed to depth, it is towed for 30 minutes above 

the seabed at a speed of ~ 4 knots, and sampling is carried out during 

daylight (ICES 2017). Information on the position, geometry and 

performance of each net deployment (door spread, wing spread, headline 

height and sweep angle) are recorded using SCANMAR and navigation 

devices (ICES 2018c). Approximately 170 demersal fish trawls are carried 

out each survey, covering portions of four fisheries management areas 

(generated by the International Council for the Exploration of the Seas or 

ICES). These include shelf waters to the North of Ireland (N; division 6a), 

West of Ireland (W; division 7b), Southwest of Ireland (SW; division 7j) 

and the Southeast of Ireland (SE; division 7g) (see Figure 4.1). Figure 4.1 

also provides an overview of the oceanographic regime in the study region 

during autumn-winter. Timing of sampling followed a N-S gradient each 

year (i.e. stations in N region were completed first, then the W, SW and SE 

regions consecutively). However, due to differences in vessel scheduling or 

bad weather (which is typical in the North East Atlantic in autumn-winter), 

the timing of sampling in each region varied somewhat from year to year. 
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Figure 4.1 Panel a. Station information for Irish Ground Fish Survey (2008 – 2018). Each 

survey carried out ~ 170 demersal net trawls (grey dots) annually between September and 

December in four subregions: North (N), West (W), Southwest (SW) and Southeast (SE) Irish 

Shelves. Station positions varied by ~ 10 km each year. Panel b. Bathymetry and dominant 

oceanographic features in the study region during autumn-winter. Black dashed line with 

arrows represents the northward flowing European Shelf Current. The gulf stream forms 

several branches of the North Atlantic Current (NAC) which flow north-eastward towards the 

North West European Shelf (white dashed arrows). The end of the NAC branch in the Rockall 

Trough (RT) forms a permanent anticyclonic eddy there. There is also seasonal anticyclonic 

circulation in the Porcupine Bank (PB) and the Bay of Biscay (B). Circulation is typically 

strongest in the winter for all features. Oceanographic current information adapted from Xu et 

al. (2015). Panel c. Extent of panel b (red box) relative to the North Atlantic Ocean. 

 

From a total of 1,948 trawls over 11 survey years, gelatinous zooplankton 

were separated by species and weighed using motion-calibrated scales (± 

0.2 g). Catch weights for each gelatinous species were subsequently 

standardised to catch density (kg ha -1) based on the methodology outlined 

by Brodeur et al. (2008). In summary, this involves dividing the total wet 

weight of each gelatinous species by the area swept by the net during the 

30-minute bottom trawl at each sampling station. Although the net type and 

deployment strategy employed in the IGFS may underestimate the 

abundance of gelatinous zooplankton (especially smaller species and 

ctenophores; Hosia et al. 2017), the methodology and the spatiotemporal 

coverage of the survey have remained constant over the current study period 

(11 years). Therefore, these surveys provide a rare opportunity to estimate 
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the relative abundance and map the spatial extent of Pelagia noctiluca in 

offshore waters (Bastian et al. 2011; Brodeur et al. 2016; Aubert et al. 

2018).  

4.3.2 Environmental data collection 

As there were infrequent in situ measurements of physical environmental 

variables during each IGFS survey, additional environmental data were 

attained from satellite derived- and remotely sensed sources. As changes in 

SST over several decades have been linked to decadal changes in the 

abundance of Pelagia noctiluca in the past (Guerrero et al. 2018), Odyssea 

reprocessed Sea Surface Temperature (SST) data was attained (Autret et al. 

2019a, 2019b). These satellite-derived data are produced by the French 

Research Institute for the Exploitation of the Sea (IFREMER) within the 

GHRSST framework (Group for High Resolution Sea Surface 

Temperature). These data provide level 4, gap-free SST data at 0.04° spatial 

resolution and daily temporal resolution. This product was accessed through 

the Copernicus Marine Environment Monitoring Service 

(http://marine.copernicus.eu). From this, SST data (°C) were calculated for 

each trawl station on the mean sampling day of the study period (October 

1st, Autumn), the date 3 months before (July 1st, summer), and the date 6 

months before (April 1st, spring). All satellite-derived data were analysed 

using ArcMap version 10.7.1 (2020). Monthly wind data was collected for 

2008 to 2018 from one coastal weather station in each of the four study 

regions (N = Malin Head, W = Mace Head, SW = Valentia Observatory, SE 

= Johnstown Castle; acquired from https://data.gov.ie/dataset). Atmospheric 

teleconnection patterns describe the natural interannual variability of 

atmospheric pressure differences over macro-spatial scales (Cannaby and 

Hüsrevolu 2009). As some of these teleconnection patterns have also been 

linked to interannual changes in the frequency of Pelagia noctiluca 

aggregations in the Mediterranean Sea (Bellido et al. 2020), monthly mean 

data for three teleconnection patterns which are major modes of climate 

variability in Irish waters (Cannaby and Hüsrevolu 2009) were collected for 

the study period (2008-2018). These included the Atlantic Multidecadal 
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Oscillation (AMO), the North Atlantic Oscillation (NAO) and the Eastern 

Atlantic Pattern (EAP). All three datasets were downloaded from the NOAA 

Climate Prediction Centre data repository (https://www.climate.gov).  

4.3.3 Data analysis 

To understand the interannual and interregional variability of P. noctiluca 

density (kg ha-1) over time, mean P. noctiluca density was calculated per 

survey year in two ways and the temporal trends of each were compared 

graphically: 1) pooling all stations from all regions and 2) pooling stations 

by region (N, W, SW and SE). Additionally, the spatiotemporal distribution 

of P. noctiluca density was compared to a citizen science data set (‘Big 

Jellyfish Hunt’ Facebook page) of coastal P. noctiluca stranding events 

which were recorded along the Irish coastline during the study period (2009 

- 2018). This comparison enabled the detection of any P. noctiluca 

aggregations that may have occurred outside the temporal limits of the IGFS 

each year (i.e. outside of September - December). Any additional data 

presented for the occurrence of P. noctiluca stranding events within the 

study area and study period were sought out from the literature to 

supplement this comparison. 

P. noctiluca data were modelled with environmental parameters and survey 

design parameters using a two-step process known as a binomial-Gamma 

hurdle model. This method is useful when modelling continuous data with a 

high proportion of zeros (P. noctiluca density data had 72% zeros). First, a 

generalised linear mixed model (GLMM) was constructed for P. noctiluca 

presence-absence (binomial) data using the Laplace approximation method 

and a logit link function (n = 1936, 2 outliers were removed). This model 

quantified which parameters influenced the likelihood of P. noctiluca being 

present or absent at any one station during the study. As the second step of 

the hurdle method, another GLMM was fitted to non-zero P. noctiluca 

density data (n = 532) using the Laplace approximation method and a log 

link function (Gamma distribution). This GLMM identified which variables 

had an effect on the magnitude of P. noctiluca density at stations where it 
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was present. For both models, fixed effects were selected using a backward 

stepwise process, using the Akaike Information Criterion value to compare 

the goodness of fit among candidate models. Fixed effects included station 

latitude, day of year, satellite SST parameters (SST at 0, 3 and 6 months 

before mean sampling day), wind parameters (wind speed and direction at 0, 

3 and 6 months before mean sampling month) and atmospheric 

teleconnection pattern indices (AMO, NAO and EAP at 0, 3 and 6 months 

before mean sampling month). Fixed effects were checked for 

multicollinearity before model selection. Model convergence was improved 

by rescaling all fixed effects to a mean of 0 and a standard deviation of 1, 

and by adding an optimisation parameter (‘bobyqa’) to each model. Survey 

year, region and month were explored as random effects in both models. All 

statistical analyses for models were carried out in R program version 3.4.3 

(R Core Team 2016) using the package ‘lme4’ (Bates et al. 2020), ‘optimx’ 

(Nash et al. 2020), ‘effects’ (Fox et al. 2020) and data distribution was 

explored using the package ‘fitdistrplus’ (Delignetter-Muller et al. 2019). 

4.4 Results 

4.4.1 Interannual variability of physical parameters 

Mean October SST (°C) remained relatively stable over time as the 

difference between the minimum mean temperature (12.15°C in 2008) and 

the maximum mean temperature (13.55°C in 2014) was small (1.41°C) 

(Figure 4.2, panel 1). Regionally, mean SST in October followed a N-S 

gradient, as the North was coldest on average (12.39 ± 0.03°C), and the 

Southeast was warmest on average (13.31 ± 0.05°C) over the study period. 

This may be expected given the latitudinal range of the study area (50°N to 

56°N). Mean October wind speed (study average = 11.98 kt) and wind 

direction (study average = 199.81°) were more variable over time in 

comparison to SST, and they seemed to vary simultaneously (Figure 4.2, 

panel 2 and 3). In years when the mean October wind speed was higher than 

the study average (>12 kt), the wind direction was typically south-westerly 
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(> 220°), and was more southerly and south-easterly on average (< 190°) in 

years when the mean October wind speed was between 2 and 4 knots 

slower. Mean October wind speed was higher and more variable in the N 

and W regions (combined mean wind speed of N and W = 15.31 ± 0.19 kt) 

in comparison to the two southern regions (combined mean wind speed of 

SW and SE = 8.67 ± 0.11 kt). Mean monthly data for the three major modes 

of climate variability in the North East Atlantic (AMO, NAO and EAP 

indices) all displayed an increasing tendency towards positive values over 

the study period (Figure 4.2, panels 4, 5 and 6). This increasing trend was 

strongest for the NAO index (R2 = 0.12), which has had an increasing 

tendency toward positive values over the last 50 years (Cannaby and 

Hüsrevolu 2009).  
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Figure 4.2 Interannual variability of physical environmental parameters. Top three panels 

display the annual mean values over the study area for SST (°C), wind speed (knots) and wind 

direction (degrees) in October (with standard error bars). Bottom three panels show monthly 

values for the Atlantic Multidecadal Oscillation, North Atlantic Oscillation and Eastern 

Atlantic Pattern indices (IGFS sampling period highlighted in grey). Note the change in scale 

for each panel. 
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4.4.2 Interannual variability of P. noctiluca by-catch density 

A total of 632.13 kg of P. noctiluca by-catch was recorded from 1,948 

fishing trawls in the Celtic Seas over 11 autumn-winter surveys. This 

equated to an average P. noctiluca by-catch of 0.33 kg per trawl, or a 

density of 0.01 ± 0.004 kg ha-1. P. noctiluca was present in by-catch in10 of 

11 survey years (90.1%). However, large changes in mean P. noctiluca 

density (kg ha-1) occurred from year to year (Figure 4.3). There was one 

large peak in mean P. noctiluca density in 2009 (0.05 kg ha-1; total catch or 

TC = 263.41 kg), and 3 smaller peaks in 2013, 2014 and 2016 (0.02, 0.01 

and 0.02 kg ha-1 respectively, or a TC of 109.97, 66.64 and 142.06 kg 

respectively). Of the remaining years, mean P. noctiluca density was 

relatively low (0 - 0.004 kg ha-1 or TC of 0 – 27.2 kg). 

 

Figure 4.3 Mean density (kg ha-1) of P. noctiluca in IGFS samples from 2008 - 2018. Note the 

high interannual variability of P. noctiluca density, with notable increases in mean density in 

2009, 2013, 2014 and 2016. 

 

4.4.3 Inter- and intra-regional variability of P. noctiluca density over the 

study 

In addition to the high interannual variability of P. noctiluca abundance, 

there was also high inter-regional variability (Figure 4.4). There was an 

apparent N-S gradient from high to low mean P. noctiluca density each 

year, as P. noctiluca density had a weak positive correlation with station 
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latitude (Spearman’s ρ = 0.14, p < 0.001). However, station latitude also had 

a moderate correlation with sampling date (day of year) (Spearman’s ρ = -

0.58, p < 0.0001), which indicates that there is a degree of temporal bias in 

the data. Despite this, the overall mean P. noctiluca density (kg ha-1) was 

highest in the N region (0.028 kg ha-1 or TC of 41.52 kg), lower in the W 

and SW regions (0.005 and 0.003 kg ha-1 respectively, or TC of 8.19 and 

5.69 kg respectively) and lowest in the SE (0.001 kg ha-1 or TC of 2.06 kg). 

The difference among mean density estimates for the different regions was 

significant (H (3) = 61.8, p < 0.001). The three largest increases in mean P. 

noctiluca density all occurred in the N region (2009, 2013 and 2016), 

although in 2014 and 2016 P. noctiluca density also increased to a lesser 

degree in the W and SW regions (see Figure 4.4). Within each region, there 

was also marked variability in P. noctiluca density among adjacent stations, 

indicating a certain degree of local-scale patchiness. A single station in the 

N in 2009 (station 44; 7.75°W, 55.53°N) sampled 195 kg (27.1 kg ha-1) of 

P. noctiluca (the largest catch of this species in the study), and no P. 

noctiluca were found at an adjacent station (~ 20 km west). A similar event 

to this occurred in two adjacent stations in the N in 2013 between station 23 

(6.85°W, 55.37°N, total catch weight = 44.03 kg) and station 24 (6.77°W, 

55.56°W, total catch weight = absent). No anomalously large catches of P. 

noctiluca occurred in the SE region. 
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Figure 4.4 Top panel: Distribution of P. noctiluca density (kg ha-1) in four regions of Irish shelf 

waters (N, W, SW and SE) each survey year (2008 - 2018). Bottom panel: Mean P. noctiluca 

density (kg ha-1) in the four shelf regions each survey. Note that the episodic peaks of P. 

noctiluca density occur mainly in the N region in a handful of stations at a time. In 2014 and 

2016, P. noctiluca density is also higher in the W and SW regions, although there is still high 

intra-regional variability (local-scale patchiness). 

 

4.4.4 Comparison of P. noctiluca by-catch to coastal stranding data 

Using a combination of citizen science data and data presented in the 

literature (Fleming et al. 2013), we were able to compare the spatiotemporal 

distribution of P. noctiluca by-catch data to sightings of P. noctiluca 

stranding events which were reported along the Irish coastline between 2009 

and 2018 (see Figure 4.5; no stranding data was available for 2008). 
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Frequency and timing of coastal stranding events each year were typically in 

agreement with offshore P. noctiluca by-catch data, with some exceptions. 

The highest annual mean by-catch of P. noctiluca in the northern region in 

2009 coincided with extensive stranding events which occurred between 

September and December 2009 along the northern coast of Ireland (Fleming 

et al. 2013). Between July 2009 and August 2011, Fleming et al. (2013) 

recorded 26 major stranding events of P. noctiluca which occurred in 17 

sites along the northern coast, the majority of which occurred in October 

2009 at central northern sites. The other two peaks in mean P. noctiluca by-

catch density in 2013 and 2016 coincided with a relatively large number of 

stranding reports during September 2013 (21 reports) and September - 

October 2016 (18 reports) which occurred mainly along the western and 

southwestern Irish coastline. One exceptional example was data for 2017, 

when the highest number of P. noctiluca stranding events (78) were 

reported, earlier than usual, between July and August (Figure 4.5). In 

contrast, P. noctiluca by-catch estimates in shelf waters were extremely low 

for September-December of that year. However, we also found that 

sampling during the IGFS survey shifted later in the year over time 

(Spearman correlation between day of year and survey year, ρ = 0.2, p < 

0.0001) which may explain why there was lower P. noctiluca density 

estimates in shelf waters in 2017 and 2018. 
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Figure 4.5 Spatiotemporal distribution of stranding data for Pelagia noctiluca along the Irish 

coastline (colour scale = month of occurrence) in comparison to P. noctiluca by-catch data (kg 

ha-1; purple weighted dots) from 2008 to 2018. No stranding data was available for 2008. Pie 

charts in N region in 2009-2011 are based on data presented in Fleming et al. (2013), who 

documented the timing and magnitude of stranding events of P. noctiluca in this region between 

2009 and 2011. They reported that the frequency and magnitude of P. noctiluca stranding 

events decreased each year. Therefore, the pie in 2009 is the largest, 2010 is smaller, and 2011 is 

the smallest. Pie charts also show the proportion of the timing of P. noctiluca stranding events in 

the N region from 2009 – 2011 (colour scale = month of occurrence). Brown dashed contour = 

200m isobath (shelf edge). 

 

4.4.5 Relationship between physical parameters and P. noctiluca 

occurrence  

The binomial-Gamma hurdle model identified that different sets of variables 

influenced: a) the probability of P. noctiluca occurrence (binomial 

Generalised Linear Mixed Model or GLMM), and b) the magnitude of P. 

noctiluca density when it was present (zero-truncated Gamma GLMM). The 

binomial GLMM (P. noctiluca presence/absence data, n = 1936) which 

produced the lowest possible Akaike Information Criterion included 

October response variables for SST, the NAO index, the EAP index and 

wind direction. A nested random effect (survey region within survey year) 
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explained 68.51% of among-group variation on average (intercept = 2.023, 

SD = 1.422). The variables with relatively large and significant effects on P. 

noctiluca occurrence were the wind direction (estimate = -1.029, z1930 = -

4.136, p < 0.001) and the EAP index (estimate = 1.026, z1930 = 3.976, p < 

0.001). The NAO index (estimate = -0.512, z1930 = -2.005, p = 0.045) and 

SST also had smaller significant effects on P. noctiluca presence (estimate = 

-0.386, z1930 = -3.094, p = 0.02). 

For the final iteration of the zero-truncated gamma GLMM (P. noctiluca 

density, n = 532), a single random effect (survey year) explained 57.89% of 

among-survey variation in P. noctiluca density. The remaining variability in 

the data was explained by three fixed effects (October AMO, October mean 

wind direction and October mean wind speed). Wind speed had the largest 

effect on the variability of P. noctiluca density, and this was highly 

significant (estimate = 0.534, z525 = 4.693, p < 0.001). The AMO index and 

wind direction had smaller effects and these were not significant (AMO: -

0.386, z525 = -1.150, p = 0.250; wind direction: -0.189, z525 = -1.142, p = 

0.254). Note that day of year reduced the goodness-of-fit of candidate 

models, so it was not added to the final models. Therefore, changes in 

survey timing each year did not have a robust effect on the variability of P. 

noctiluca occurrence or density. 

4.5 Discussion 

The description of an extensive aggregation of Pelagia noctiluca in the 

North East Atlantic in 2007 and a subsequent mortality event of farmed 

salmon in Northern Ireland prompted a large scientific response (Doyle et 

al. 2008; Baxter et al. 2010; Licandro et al. 2010; Bastian et al. 2011; 

Fleming et al. 2013). As aggregations of this warm-temperate species were 

considered unprecedented in the North East Atlantic, media reports 

proposed that climate change and overfishing may have caused this 

typically Mediterranean species to expand its range northward. In reply to 

these claims, Doyle et al. (2008) explained that aggregations of P. noctiluca 

have been recorded in Irish and UK waters since the late 1800s and occur 



Chapter 4: Pelagia noctiluca in the North East Atlantic 

 

82 

regularly enough to be considered frequent. A follow up study in 2009 

(Bastian et al. 2011) provided the first detailed description of a P. noctiluca 

aggregation in the NEA and suggested that a time series should be 

established to determine if the occurrence of P. noctiluca in the NEA in 

2007 and 2009 were natural phenomena, or a sign of change. Within this 

context, here we present the first temporal mapping exercise of P. noctiluca 

aggregations in a portion of the NEA (Celtic Seas) using by-catch data from 

~ 2000 fisheries trawls over 11 years.  

One of the most salient findings of our analysis was that Pelagia noctiluca 

was present every year in Irish shelf waters between 2008 and 2018, either 

in trawl by-catch samples (10 of 11 years or 91%) or stranded on the Irish 

coastline (9 of 11 years or 81%). This represents the highest frequency of P. 

noctiluca occurrence in any decade since the first reports of this species 

were made in Irish waters in the late 1800s (Russell 1970; Doyle et al. 

2008) and suggests that P. noctiluca has become more frequent in Irish shelf 

waters. Although it is difficult to be certain about this, there are several lines 

of evidence that may support our claim of a recent increase in the 

occurrence of P. noctiluca in the NEA. For example, the salmon aquaculture 

industry has been well established in Irish waters since the 1980s, yet 

negative interactions between P. noctiluca and the Irish aquaculture industry 

have only been reported over the last 15 years (Doyle et al. 2008). Indeed, 

since the Pelagia aggregation in 2007 that killed ~ 250,000 caged salmon in 

Northern Ireland was documented (Doyle et al. 2008), four more large 

salmon mortality events have been attributed to the advection of P. 

noctiluca aggregations into Irish or Scottish fish farms in 2013 (Marcos-

López et al. 2014), 2014 (Bosch-Belmar et al. 2020), 2016 (T. Mc Dermott, 

Marine Institute of Ireland, pers. comm.) and 2017 (Bosch-Belmar et al. 

2020; T. Mc Dermott, Marine Institute of Ireland, pers. comm.). 

Importantly, these events coincide with increases in P. noctiluca by-catch 

density from our trawl data (2013, 2014, 2016) and from an increase in 

coastal stranding events from our citizen science data set (2013, 2016, 

2017). Further evidence for a recent increase in the frequency of P. 

noctiluca in the NEA is supported by the lack of reports of ‘exceptional or 
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unusual strandings’ of this species on Irish beaches in the 1980s and 1990s, 

especially since mass aggregations of other gelatinous taxa such as Velella 

velella, salps and Apolemia uvaria were documented in that time frame 

(Minchin 1987; McGrath et al. 1994).  

An increase in Pelagia noctiluca during the last ten years may also be 

supported by the work of Gibbons and Richardson (2009) who analysed 

over 60 years of CPR data for the NEA (from 1946-2005) and found that 

there was a pronounced increase in gelatinous zooplankton abundance in 

both oceanic and shelf areas during the last ten years of their analysis (1996-

2005). They speculated that the gelatinous fauna present in CPR samples 

from the open ocean consisted of small holoplanktonic species (e.g. 

Narcomedusae, Trachymedusae and small Siphonophorae) and that the 

gelatinous fauna in shelf samples consisted of small meroplanktonic 

hydrozoan species (e.g. anthomedusae and leptomedusae). However, they 

were not able to confirm this as the CPR survey provides low resolution 

taxonomic information for cnidarians (2 taxa, “Coelenterata tissue” and 

Siphonophorae). From a later re-analysis of CPR samples in the NEA, 

Baxter et al. (2010) identified the mesoglea (visually distinct golden 

coloration) and the cnidae (via microscopic identification) of Pelagia 

noctiluca in CPR samples spanning a transect of 400 km in 2007. This 

confirmed that P. noctiluca is frequently sampled by the CPR when the 

sampler is towed through an aggregation. This was further corroborated by 

Licandro et al. (2010) and Licandro et al. (2015) who identified P. noctiluca 

tissue on CPR samples in several regions of the North Atlantic using DNA 

barcoding. Moreover, Licandro et al. (2015) concluded that at least 7 P. 

noctiluca aggregation events occurred in the NEA between 2000 and 2009, 

and these aggregations covered extensive areas of open water (several 

hundreds of kilometres). Considering these distinct lines of supporting 

evidence, it is likely that Pelagia noctiluca has become more frequent in the 

NEA over the last 10-15 years, in both oceanic and shelf areas. 

As we have documented an increase in the frequency of occurrence of P. 

noctiluca over the past 11 years in comparison to historical records, it is 
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important to determine the environmental variables that have driven this 

increase (Canepa et al. 2014). Our mixed effects modelling approach 

indicated that wind direction, wind speed (i.e. physical drivers) and 

atmospheric teleconnection patterns (EAP and NAO indices, i.e. climatic 

drivers) had the largest significant effects on the interannual variability of 

the occurrence and magnitude of P. noctiluca on the Irish shelf. The effects 

of changing wind patterns (i.e. from the prevailing SW winds to weaker S 

and SE winds) and changes in climatic indices (i.e. from high to low NAO 

and EAP indices) may be affecting the regional mechanisms in which P. 

noctiluca are transported onto the Irish shelf from open Atlantic waters. 

This is supported by recent research in the Mediterranean Sea which has 

revealed that the incidence of P. noctiluca aggregations in shelf waters there 

are predominantly modulated by physical factors, which facilitate the 

advection of offshore populations into shelf and coastal waters (Canepa et 

al. 2014; Benedetti-Cecchi et al. 2015; Sabatés et al. 2018). Along the 

European shelf edge, a deep (~ 500 m) seasonal current known as the 

European Slope Current (ESC) forms an oceanographic boundary between 

shelf and open Atlantic water (Fraser 1955; Reid et al. 2003; White and 

Bowyer, 1997). The ESC is strongest during the winter (Pingree et al. 1999; 

Xu et al. 2015) and it promotes a productive ecosystem at the shelf edge due 

to enhanced mixing caused by internal waves meeting the continental slope 

(Sharples et al. 2013). Changes in wind direction and wind speed on the 

Irish shelf in certain years may have altered the regional stability of the shelf 

edge current, and potentially enhanced cross-shelf exchange (Hill 1995; 

Huthnance 1995; Porter et al. 2018), enabling the transport of P. noctiluca 

from offshore waters onto the shelf in those years (Figure 4.4). Moreover, a 

negative phase of the NAO index (low atmospheric pressure difference 

between the Subtropical High and the Subpolar Low) and a positive phase 

of the EAP index (high atmospheric pressure difference between the central 

North Atlantic and Western Europe) are both associated with lower wind 

speed in the North East Atlantic, especially when these two situations co-

occur (Zubiate et al. 2017). This may explain why these climatic indices had 

significant effects on the variability of P. noctiluca presence from mixed 

effects models. 
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Additionally, the NAO index is known to influence the strength of the North 

Atlantic Current (NAC), the northern extension of the Gulf Stream which 

forms a semi-permanent eddy field in the Rockall Trough which is strongest 

in winter (Xu et al. 2015). Interannual changes in the strength of this eddy 

(modulated by fluctuations in the NAO, which also affects wind) may 

periodically destabilise the ESC at the northern Irish shelf edge (Hill 1995) 

and facilitate the on-shelf transport of P. noctiluca in some years more than 

others. Indeed, the largest flux of surface Atlantic waters (0 – 150 m) onto 

the North West European Shelf occurs at the shelf break North of Ireland 

(Huthnance et al. 2009; Porter et al. 2018). Seasonal anticyclonic circulation 

also occurs every year in the Porcupine bight due to the discontinuous 

topography there (Xu et al. 2015) and this may similarly interact with the 

ESC in different magnitudes each year (Huthnance et al. 2009; Porter et al. 

2018) and episodically advect populations of P. noctiluca into Irish shelf 

waters. Garcia-Soto et al. (2002) suggested that the Biscayan sector of the 

ESC may have an opposite relationship with the NAO in comparison to the 

Northern Irish sector of the ESC. In years with a low NAO index, the 

northern Irish sector of the ESC may be weakened, and the southern Irish 

sector may be strengthened, which may enhance cross shelf exchange in the 

northern Irish sector (Garcia-Soto et al. 2002). The opposite situation may 

occur in years with a high winter NAO index, and P. noctiluca may be 

advected into southern Irish shelf waters more readily instead (Figure 4.6). 

Although we provide potential physical mechanisms for the transportation 

of offshore P. noctiluca populations onto the Irish shelf, changes in several 

biological factors occurring in the source population each year (e.g. food 

availability, reproduction, individual growth and survival) may additionally 

affect the interannual variability of the occurrence and abundance of P. 

noctiluca on the Irish shelf (Rosa et al. 2013). Moreover, changes in 

climatic indices like the NAO have been related to changes in the 

abundance of P. noctiluca in the Mediterranean Sea by indirectly 

modulating biological interactions (e.g. prey abundance, timing of seasonal 

reproduction) (Canepa et al., 2014; Bellido et al., 2020). Climate variability 

may modulate similar biological interactions in Atlantic P. noctiluca 

populations. However, very little information is known about the 
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interannual variability of the size and distribution range of the Atlantic 

source population (Doyle et al. 2008; Licandro et al. 2010), so biological 

processes were not considered in our analysis. The fact that P. noctiluca is 

an active swimmer (Canepa et al., 2014) and undergoes daily vertical 

migrations (from depth to surface at night) (Ferraris et al. 2012) may have 

also had a large effect on the geographical distribution of the species, and 

this behavioural aspect should be incorporated in future research. 

Lagrangian particle tracking models which incorporate diel vertical 

migration could be used to hindcast the source location(s) of P. noctiluca 

that were sampled in this study each winter, especially since similar work 

has been carried out in Irish waters for other gelatinous zooplankton species 

(Headlam et al. 2020). Dedicated research surveys could then target these 

regions to estimate the distribution and magnitude of the P. noctiluca 

population(s) in the North East Atlantic. 

 

Figure 4.6 Potential transport mechanisms for offshore P. noctiluca populations (purple shaded 

area) onto the Irish shelf (purple arrows). The European Shelf Current (ESC) forms an 

oceanographic boundary at the shelf edge in autumn-winter. There is a permanent anticyclonic 

eddy in the Rockall Trough (RT) and seasonal anticyclonic circulation in the Porcupine Bight 

(PB) (both are strongest in winter). Left panel: When the NAO is in a positive phase, and the 

EAP is in a negative phase, winds are strong and south-westerly (prevailing). The ESC is 

stronger and more stable along the Northern Irish shelf slope, and less stable along the 

Southern sector (Celtic Sea and Biscay). P. noctiluca are advected onto the Southern Irish shelf 

in this scenario. Right panel: When the NAO is in a negative phase, and the EAP is in a positive 

phase, winds are weaker and southerly/south-easterly. The ESC is stronger and more stable 

along the Southern Irish shelf slope, and less stable along the Northern sector. P. noctiluca are 

advected onto the Northern Irish shelf in this scenario. 
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Regardless of the mechanisms at play, large aggregations of P. noctiluca in 

Irish and UK shelf waters could have a substantial impact on these 

ecosystems. For example, P. noctiluca aggregations can predate heavily on 

local mesozooplankton communities as they are opportunistic generalist 

predators (Sabatés et al. 2010). In the Mediterranean Sea, the estimated 

predation impact of P. noctiluca on fish larvae is highly variable (1.2 - 

13.4% day-1) and is typically higher during the night when mesozooplankton 

prey and P. noctiluca migrate to surface waters (Purcell et al. 2014; Tilves 

et al. 2016). Although there is a lack of information on the predation impact 

of P. noctiluca in Irish waters, the shelf break may support an abundant 

mesozooplankton community in summer and autumn, including fish eggs 

and larvae from spawning mackerel, horse mackerel, hake and blue whiting 

(Sharples et al. 2013; Giering et al. 2019). More frequent aggregations of 

Pelagia in recent years could impose a larger predation impact on the eggs 

and larvae of these species, and potentially reduce recruitment rates (Sabatés 

et al. 2010; Tilves et al. 2016). Paradoxically, recent studies have observed 

that some species of juvenile fish such as horse mackerel (Trachurus 

trachurus) aggregate underneath the bell of P. noctiluca individuals during 

the day and use them as “floating shelter” (Greer et al. 2018). This 

behaviour may benefit juvenile horse mackerel in two ways, as protection 

from predation, and as a potential source of food (stealing prey caught by 

the medusa or predating upon the medusa itself) (Greer et al. 2018; Sabatés 

et al. 2018). As there is a large stock of Atlantic horse mackerel in Irish 

shelf waters (O’ Donnell et al. 2019), horse mackerel juveniles may benefit 

from the recent increase in the occurrence of P. noctiluca. Of the few 

species that predominantly feed on jellyfish, the ocean sunfish (Mola mola) 

may also benefit from aggregations of P. noctiluca in Irish waters. 

Extensive aerial surveys in Irish waters in 2015-2016 showed that the 

majority of Mola mola abundance in winter was distributed at the shelf 

break north of the Porcupine bank (Breen et al. 2017), which is adjacent to a 

region we propose as a major source of P. noctiluca onto the Irish shelf 

(Figure 4.6). 
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Aside from the many ecological impacts that P. noctiluca aggregations may 

have in Irish waters, it is clear that these events can negatively affect Irish 

coastal enterprise, especially the aquaculture industry (Purcell 2003; Doyle 

et al. 2008). This is evidenced by the fact that P. noctiluca aggregations 

recorded in our data have a high coincidence with fish kill events in Irish 

coastal waters (80% coincidence rate), and therefore remain a threat to this 

industry in Irish and UK waters. If the recent increase in the frequency of P. 

noctiluca aggregations in the NEA is substantiated, this may pose a rising 

threat for the aquaculture industry and other coastal enterprise in the NEA.
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Chapter 5:   

 

General Discussion 

It is well understood that marine communities vary naturally in abundance and 

composition over different spatial (local to basin-wide) and temporal scales (seasonal 

to multidecadal) due to natural changes in their environment (Southward et al. 1995; 

Hátún et al. 2009; Mackas and Beaugrand 2010). However, there is unequivocal 

evidence that marine communities are currently changing at an accelerated pace in 

space and time compared to natural rates of variability due to additional 

anthropogenic influences such as climate change and overexploitation (IPCC 2014; 

Peck et al. 2020). In fact, it is estimated that as much as 50% of recent changes 

observed in marine ecosystems are a result of anthropogenic influences, and the 

remaining 50% of change is a result of natural variability (Harris et al. 2014). These 

changes are most evident in mid latitude regions such as the North East Atlantic 

(NEA) which is a dynamic transitional zone which contains temperate, subtropical 

and sub-polar species (Edwards et al. 2020). Over the last 50 years, a low-frequency 

increase in Northern Hemisphere Temperature has facilitated the northward 

expansion of warm-temperate copepods in the NEA by as much as 10° latitude 

(Beaugrand et al. 2009). At the same time, the distribution of cold-boreal copepods 

in the NEA has shifted poleward by a similar distance (Beaugrand et al. 2009). A 

combination of natural and anthropogenic influences in the NEA have recently 

altered the abundance, composition and distribution of several other organisms too, 

including phytoplankton (Edwards et al. 2001; Beaugrand and Reid 2003), other 

crustacean zooplankton (Beaugrand et al. 2002; Beaugrand 2003; Bedford et al. 

2020), fish (Beaugrand and Reid 2003; Pauly et al. 2005; Peck et al. 2020), seabirds 

(TemaNord 2010; Bindoff et al. 2019) and marine mammals (Hátún et al. 2009; 

Bindoff et al. 2019). 

In comparison to the wide-spread changes which have been documented for 

phytoplankton, crustacean zooplankton and fish in response to the current regime of 

accelerated environmental change, there is comparatively little quantitative 

information available for gelatinous zooplankton in the North East Atlantic (Gibbons 

and Richardson 2009; Licandro et al. 2010; Condon et al. 2013). Within this 
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framework, the present work extends our knowledge of the temporal variability of 

gelatinous zooplankton abundance and diversity in offshore waters of the NEA, from 

the establishment of two decade-long data sets for species that are poorly represented 

in the literature. These data represent a sizeable collaborative effort among several 

fisheries research surveys: 650 days of sampling at sea aboard the RV Celtic 

Explorer (€25,000 daily running cost), 200 mesozooplankton samples and 2000 

demersal hauls collected and analysed. The scale of effort involved in the present 

work is in itself, a significant contribution to the field of gelatinous zooplankton 

research. 

Importantly, the present work revealed that different groups of gelatinous 

zooplankton species displayed different trends in abundance over time, and this was 

likely a result of differences in specific biological traits such as life history type, 

geographical distribution and temperature preference. We also found that the 

underlying mechanisms which may have explained the abundance trends of each 

group were also different to each other, and included climatic variability, effects of 

temperature and advective processes. For example, the abundance of meroplanktonic 

gelatinous mesozooplankton in the Celtic Sea was low and stable over time (Chapter 

3) and was likely affected by natural processes controlling the distribution of their 

benthic life stage (negative relationship with spring SST). The only species in the 

group that reached high abundances in this shelf sea was Lizzia blondina, a species 

that can alternatively undergo asexual reproduction (budding of young medusae 

directly from adult medusa) and is therefore less reliant on its coastal benthic 

hydroid stage to produce new generations. This reliance on the proximity to coastal 

strata may similarly reduce the abundance of scyphozoan jellyfish in offshore waters, 

as they are typically meroplanktonic as well (Russell 1970). However, the relatively 

long life span (~ 12 months) and the larger size of scyphozoan medusae may enable 

them to occupy a broader distribution than meroplanktonic gelatinous 

mesozooplankton (Lynam et al. 2011). 

In contrast, the holoplanktonic mesozooplankton were much more abundant in the 

Celtic Sea than meroplankton mesozooplankton, and their abundance was more 

variable interannually, but did not increase or decrease linearly over time (Chapter 

3). Their abundance was affected more by in situ physical parameters and climatic 
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variability, and included a negative relationship with sea surface temperature 

(represented by the position of the 16°C isotherm in July). Interestingly, gelatinous 

holoplankton in the open NEA have an opposing positive relationship with SST, 

although they too have not increased or decreased linearly over time. Instead, 

gelatinous holoplankton in the North Atlantic appear to oscillate between high and 

low abundance in 20-year cycles (Gibbons and Richardson 2009). These contrasting 

responses to temperature may be due to differences in the composition of oceanic 

and shelf species, which may have different temperature preferences. 

In contrast to the abundance trends of all other gelatinous zooplankton species 

investigated in this thesis, we found that the oceanic warm-temperate species Pelagia 

noctiluca has become more frequent in NEA shelf waters in recent years (Chapter 4). 

Furthermore, we found that the occurrence and abundance of this species appears to 

be driven by a different set of environmental parameters in comparison to the 

abundance of gelatinous mesozooplankton in the Celtic Sea (Chapter 3). Instead, 

trends in the occurrence of P. noctiluca aggregations were best described by wind 

patterns (direction and speed), and two atmospheric teleconnection pattern indices 

(North Atlantic Oscillation and Eastern Atlantic Pattern) in October. This difference 

is likely a reflection of the oceanic distribution of this holoplanktonic warm-

temperate species, which differs from most other species mentioned thus far that 

either have a neritic or pseudo-oceanic (shelf) distribution. When in oceanic waters, 

the abundance of oceanic gelatinous species in the NEA are strongly dependent on 

temperature and zooplankton abundance (Gibbons and Richardson 2009), but it 

seems that their presence in shelf waters is more dependent on the variability of 

advective processes (i.e. changes in wind and hydroclimatic variability). 

A comparison of our work to other literature supports the idea that trends in 

gelatinous abundance and associated mechanisms vary by region, and by species 

(Table 5.1; Figure 5.1). This important conclusion highlights that it may be 

inappropriate to analyse long term trends of gelatinous zooplankton abundance at a 

low taxonomic resolution, or over macro-spatial scales. Subtle changes in 

composition may be masked by overall trends in dominant species (Chapter 3). 

Future research should attempt to analyse trends in the abundance of gelatinous 

zooplankton species based on specific biological traits such as life history or 
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geographical distribution, and carry out these analyses at a regional spatial 

resolution. Similar analyses have been successfully carried out on crustacean 

zooplankton in Iceland (Beare et al. 2002) and in the Celtic Seas (Bedford et al. 

2020), so there is no reason why this would not be possible to do for gelatinous 

zooplankton species.
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Table 5.1 Synopsis of the previous literature that investigated the interannual variability of gelatinous zooplankton abundance in offshore North East Atlantic (NEA) waters for > 10 

years, in comparison to environmental variables. (-) = negative relationship. (+) = positive relationship. SST = sea surface temperature. EAP = Eastern Atlantic Pattern index. NAO = 

North Atlantic Oscillation index. NAC = North Atlantic Current. ESC = European Slope Current. 

Study (and 

number in 

figure 5.1.) 

Species or taxa Duration Period 
Region in 

NEA 
Method(s) used 

Trend in 

abundance or 

frequency of 

occurrence 

Relationship with 

environmental 

variables 

Mechanism limiting 

abundance 

Gibbons and 

Richardson, 

2009 (1) 

Coelenterata and 

Siphonophorae 

1946 - 2005 Annual North Atlantic Continuous 

Plankton 

Recorder 

Stable (20-30 

year cycles) 

SST (+), zooplankton 

abundance (+) 

Growth, reproduction, food 

availability 

Licandro et 

al., 2010 (2) 

Coelenterata, 

Siphonophorae and P. 

noctiluca 

1958 - 2007 Annual North East 

Atlantic 

Continuous 

Plankton 

Recorder 

Increase SST (+) Temperature, advection via 

NAC and ESC 

Lynam et al., 

2004, 2005 (3) 

Scyphozoan jellyfish 

(Cyanea lamarckii, C. 

capillata and Aurelia 

aurita) 

1971 - 1986 Summer North Sea Demersal trawl Stable (high 

variability) 

NAO (+) in northern 

North Sea, NAO (-) in 

southern North Sea 

Spring bloom phenology, 

zooplankton composition, 

biogeography 

Lynam et al., 

2011 (4) 

Scyphozoan jellyfish 

(Cyanea lamarckii, C. 

capillata and Aurelia 

aurita) 

1994 - 2009 Summer Irish Sea Midwater ring net Increase SST 18-month lag (+), 

copepod biomass 1 year 

lag (+), spring 

precipitation (-) 

Timing and rate of 

strobilation, food availability 

Present work 

(Ch. 3) (5) 

Meroplanktonic 

gelatinous 

mesozooplankton 

2007 - 2019 Summer Celtic Sea Gulf VII sampler 

and ring net 

Stable March SST (-) Timing and rate of strobilation 

or hydroid budding 

Holoplanktonic 

gelatinous 

mesozooplankton 

2007 - 2019 Summer Celtic Sea Gulf VII sampler 

and ring net 

Stable (high 

variability) 

July SST (-), March 

EAP (+) 

Growth, reproduction, food 

availability 

Present work 

(Ch. 4) (6) 

Scyphozoan jellyfish 

Pelagia noctiluca 

2008 - 2018 Autumn - 

winter 

N, W and S 

Irish Shelf 

Demersal trawl Increase Wind direction (-), wind 

speed (+), EAP (+), 

NAO (-) all in October 

Advection and aggregation 

onto shelf 
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Figure 5.1 Trends in the abundance of gelatinous zooplankton in the North East Atlantic 

(criteria for study selection in Table 5.1). Grey = stable trend. Red = Increasing trend. No 

regional study identified a decreasing trend. 1 = Gibbons and Richardson (2009). 2 = Licandro 

et al. (2010). 3 = Lynam et al. (2004, 2005). 4 = Lynam et al. (2011). 5 = Present work (Chapter 

3). 6 = Present work (Chapter 4). White dashed box in top panel = extent of bottom panel. 

 

The distinct trends observed in this thesis for the abundance of gelatinous 

zooplankton, and the associated mechanisms proposed for these trends, 

sheds new light on how gelatinous zooplankton may respond to future 
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environmental change in the NEA. The fact that climatic variability and 

temperature played key roles in modulating the abundance of gelatinous 

zooplankton abundance in Irish shelf waters is important, given the future 

changes projected for these variables on a global scale (IPCC 2014). The 

Earth’s temperature has risen by 0.85°C between 1880 and 2012 (IPCC 

2014), and this has already incurred significant alterations in planktonic 

ecosystems in the NEA over the last 60 years (reviewed in Beaugrand 2009; 

Bindoff et al. 2019; Edwards et al. 2020). Moreover, there is evidence that 

this warming is regionally heterogeneous, and much of the North East 

Atlantic (especially shallow seas) is warming at a higher rate than the open 

North Atlantic (Bindoff et al. 2019; Edwards et al. 2020).  

From our findings and those in the literature, we may postulate that 

increased temperature in the NEA will affect the abundance of different 

gelatinous zooplankton species in different ways. For example, an increase 

in NEA temperature may reduce the abundance of gelatinous 

mesozooplankton in shelf seas, as holoplanktonic and meroplanktonic 

species had negative relationships with sea surface temperature in the Celtic 

Sea (July SST and March SST, respectively; Chapter 3). These negative 

relationships could be a direct physiological response to temperature (i.e. 

cessation of growth, reduction of gametogenesis; Beaugrand and Kirby 

2018). Alternatively, an increase in temperature could prolong seasonal 

periods of thermal stratification, which may favour small-celled 

picophytoplankton blooms (Schmidt et al. 2020) and smaller, less abundant 

zooplankton prey (Beaugrand et al. 2009; Bedford et al. 2020). Prolonged 

periods of thermal stratification could also incur phenological shifts in 

plankton communities, which could cause mismatches among gelatinous 

zooplankton predators, other mesozooplankton, and phytoplankton blooms 

(Southward et al. 1995; Edwards and Richardson 2004; Boero et al. 2016).  

A reduction in the abundance of gelatinous mesozooplankton could have 

positive and negative ecological impacts from a human perspective. Lower 

abundances of hydrozoan predators may reduce predation impacts on non-

gelatinous zooplankton such as calanoid copepods, which could also benefit 
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planktivorous fish species (Sabatés et al. 2010; Tilves et al. 2016). A 

reduction in the abundance of pelagic tunicates would also reduce grazing 

pressure on primary producers (doliolids; Paffenhöfer et al. 1995) and 

marine microbes (Lombard et al. 2010), but would simultaneously reduce 

the transfer of carbon to depth (less faecal pellet production and mucus 

shedding) (Boero et al. 2008; Holland 2016). A reduction in pelagic 

tunicates may also negatively affect the recruitment of some commercial 

fish species whose larvae rely on appendicularians as prey (herring, tuna, 

flatfish) (Pauly et al. 2009; Lamb et al. 2017; Hays et al. 2018). 

The effects of climate change may be less severe in open waters of the 

NEA, which could favour higher abundances of oceanic gelatinous 

zooplankton whose abundance is positively related to SST (Licandro et al. 

2010; Lucas et al. 2014). This is supported by the fact that phytoplankton 

biomass has also been projected to increase in open North Atlantic waters 

(Edwards et al. 2001, 2020), which represents an increase in the abundance 

of food for pelagic tunicates. Similarly, herbivorous zooplankton such as 

copepods would also benefit, and so would cnidarian predators as a result 

(Gibbons and Richardson 2009). The decreased severity of future warming 

in the open North Atlantic is the result of a cold water anomaly which has 

become more prominent in the sub-polar gyre south of Greenland since the 

early 2000s due to an increase in freshwater input from the Greenland ice 

sheet (increased melting) and a subsequent slowdown of the Atlantic 

Meridional Overturning Circulation (AMOC) by about 15% since the 1950s 

(Rahmstorf et al. 2015; Caesar et al. 2018) (see Figure 5.2). The 

combination of these phenomena may favour higher abundances of 

gelatinous zooplankton in the open NEA. 
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Figure 5.2 Long-term trend in mean annual sea surface temperature (°C) for the global ocean 

between 1919 and 2019. Inset map highlights the anomalous negative trend in the central North 

Atlantic due to changes in freshwater input and the slowdown of the Atlantic Meridional 

Overturning Current (Rahmstorf et al., 2015; Caesar et al., 2018). Based on GISS data acquired 

from http://data.giss.nasa.gov/gistemp/. 

 

Coincidentally, it has been estimated that the European Slope Current has 

also slowed down by approximately 20% between 1996-2012 due to macro-

scale changes in hydro-climatic conditions in the NEA (Xu et al. 2015). If 

this weakening trend persists, this may enhance the advection of oceanic 

gelatinous zooplankton into NEA shelf waters such as Pelagia noctiluca 

(Chapter 4). Moreover, as the growth and reproductive capacity of P. 

noctiluca increases with temperature (to an upper limit of ~ 30°C; Canepa et 

al. 2014; Milisenda et al. 2018), more intense warming in shelf waters may 

also increase the survivability of this species in NEA shelf waters. 
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5.1 A platform to monitor gelatinous zooplankton in Irish 

waters: The benefits outweigh the costs 

The present work is a culmination of multiple collaborative endeavours 

among gelatinous zooplankton researchers and Irish fisheries scientists over 

the past decade. One final conclusion of this research is the importance of 

fisheries monitoring surveys as a platform to gather long-term data for the 

abundance and diversity of gelatinous zooplankton. Indeed, it would not 

have been possible to gather the core data of this thesis without the 

facilitation of ship time aboard Irish fisheries surveys (Chapters 2, 3 and 4), 

or the provision of historical samples and data by Irish fisheries managers 

(Chapters 3 and 4). In recent decades, collaboration among gelatinous 

zooplankton researchers and fisheries scientists has become more frequent 

(Lynam et al. 2004, 2011; Brodeur et al. 2016; Aubert et al. 2018). This is 

because there is a growing appreciation in the scientific community that 

gelatinous zooplankton are an important component of marine ecosystems 

(Pauly et al. 2009; Doyle et al. 2014; Aubert et al. 2018). Today, gelatinous 

zooplankton by-catch data sets gathered from fisheries surveys represent 

some of the world’s best long-term sources of gelatinous zooplankton 

abundance data in offshore waters (Brodeur et al. 2016). 

Like the several other fisheries research surveys that have recently begun 

recording data for gelatinous zooplankton (Brodeur et al. 2016; Aubert et al. 

2018), we have shown that the Irish Groundfish Survey is another candidate 

survey to monitor the abundance of gelatinous zooplankton in North East 

Atlantic shelf waters. Indeed, this survey by-caught a substantial amount of 

jellyfish biomass over the last decade (jellyfish by-catch; ~ 3 kg per trawl, 

or 6 t over 11 surveys) and provided valuable information for the occurrence 

and abundance of Pelagia noctiluca in Irish shelf waters (Chapter 4). In 

French and UK waters, government fisheries surveys have started 

incorporating jellyfish by-catch data into their regional ecosystem 

assessments, to satisfy ‘Good Environmental Status’ of marine resources 

under the Marine Strategy Framework Directive of the European Union 

(Aubert et al. 2018). We believe that a protocol similar to one outlined by 
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Aubert et al. (2018) could be employed on Irish fisheries surveys, and the 

benefits would heavily outweigh the costs. In fact, the cost of identifying 

and measuring individual gelatinous species from each fish haul would be 

negligible (5-10 minutes of additional haul processing time). In support of 

this, Brodeur et al. (2016, p. 635) state: “though monitoring jellyfish would 

impose a cost, it would be a small fraction (1-5%) of the costs from impacts 

by jellyfish, some of which could be mitigated if monitoring were 

conducted”. In particular, the continued monitoring of Pelagia noctiluca in 

Irish waters in collaboration with the IGFS could be highly beneficial to the 

Irish economy, as this species can have severe negative impacts on the Irish 

Aquaculture industry (Chapter 4). This monitoring data could help inform 

aquaculture farmers across the country if large quantities of P. noctiluca 

were recorded on the Irish shelf, especially in the northern region in 

September. This information could allow time to employ preventative 

measures before aggregations were advected into farms (cessation of 

feeding, deploying bubble curtains, early harvesting, moving pens etc.) 

(Haberlin et al. 2020). 

The case for continued monitoring of gelatinous mesozooplankton from 

historical zooplankton samples may be equally justified, given the paucity 

of mesozooplankton data available for Irish shelf waters (Richardson et al. 

2006; Gibbons and Richardson 2009; Edwards et al. 2020). In fact, there has 

never been a standard protocol for monitoring the abundance or diversity of 

mesozooplankton in Irish shelf waters in the country’s history, with 

exception to the eggs and larvae of some commercial fish species during the 

Irish MEGS surveys (ICES 2018a). The two Irish fisheries surveys used as a 

platform for generating data for gelatinous mesozooplankton in the present 

work (the Western European Shelf Pelagic Acoustic Survey and the Irish 

Mackerel and Horse Mackerel Egg Survey; Chapter 3) are promising 

candidate surveys for the establishment of the first extensive zooplankton 

monitoring programme in Irish shelf waters. Much like the UK and France, 

the zooplankton monitoring in Irish waters could benefit the Irish 

government by attaining ‘Good Ecological Status’ of marine resources 

under the Marine Strategy Framework Directive of the European Union 
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(Aubert et al. 2018). Moreover, the zooplankton data attained could be used 

as an additional step towards ecosystem-based fisheries assessment in Irish 

shelf waters (Aubert et al. 2018). 

Both Brodeur et al. (2016) and Aubert et al. (2018) reiterate that the most 

difficult aspect of incorporating gelatinous zooplankton sampling protocols 

on pre-existing monitoring surveys is convincing resource managers of the 

importance of jellyfish in an ecological and socio-economic context. The 

present research is proof that a growing number of fisheries managers value 

the additional information gained from monitoring gelatinous zooplankton, 

and this serves as a leading example that other research institutes may 

follow in the near future.  
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Appendices 

Appendix 1 Gelatinous mesozooplankton abundance estimates (individuals m-³) for both nets (Gulf VII “G” and ring net “R”) at each of the 14 sample stations. Contribution to total 

abundance (CA%) and frequency of occurrence (FO%) for each taxon is also provided. 

Station 1G 1R 2G 2R 3G 3R 4G 4R 5G 5R 7G 7R 8G 8R 9G 9R 10G 10R 11G 11R 12G 12R 13G 13R 14G 14R 15G 15R 
Gulf 

CA% 

Ring 

CA% 

Gulf 

FO% 

Ring 

FO% 

Phylum Cnidaria                                                         17.2% 14.3% - - 

Class Hydrozoa                                                                 

Order Trachymedusae                                                                 

Family Geryoniidae                                                                 

Liriope tetraphylla                                 0.33                       < 0.1% - 7.1% - 

Family 

Rhopalonematidae 
                                                                

Aglantha digitale 0.26 0.43 0.53 0.13 0.47 0.60 0.63 0.12 0.27 0.16 1.32 0.94   0.59 0.62 0.17 0.24 0.28 0.26     0.18 0.39     0.29   0.29 0.5% 0.2% 71.4% 85.7% 

Order Narcomedusae                                                                 

Family Solmarisidae                                                                 

Solmaris corona               0.29 0.17 3.90 1.12 5.50   0.15   0.22 0.12 1.14   0.36 0.30     0.16 0.42 0.14     0.2% 0.7% 35.7% 64.3% 

Order Leptothecata                                                                 

Unident. Leptomedusae 0.33 0.18                         0.12   0.16 0.12 0.37 0.36 0.59 0.61 0.23 0.25 0.24 0.29 0.40 0.46 0.2% 0.1% 57.1% 50.0% 

Family Laodiceidae                                                                 

Laodicea undulata 0.96 0.22 0.18 0.14       0.15     0.11           0.16   0.23 0.22 2.14 0.16 0.14 0.16 0.55 0.46 0.49 0.78 0.5% 0.1% 64.3% 57.1% 

Family Eirenidae                                                                 

Eutima gracilis 0.82                                               0.15   0.33 0.14 0.1% < 0.1% 21.4% 7.1% 

Family Mitrocomidae                                                                 

Family 

Campanulariidae 
                                                                

Clytia hemisphaerica   0.44                               0.12     0.18 0.54 0.25 0.13 0.56 0.43 0.27 0.37 0.1% 0.1% 28.6% 42.9% 

Obelia spp. 0.16 0.66                                 0.23 0.24 1.13 0.81 0.11 0.25 0.42 0.17 0.65 0.12 0.3% 0.1% 42.9% 42.9% 

Order Siphonophorae                                                                 

Suborder Physonectae                                                                 

Family Agalmatidae                                                                 
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Station 1G 1R 2G 2R 3G 3R 4G 4R 5G 5R 7G 7R 8G 8R 9G 9R 10G 10R 11G 11R 12G 12R 13G 13R 14G 14R 15G 15R 
Gulf 

CA% 

Ring 

CA% 

Gulf 

FO% 

Ring 

FO% 

Agalmatidae larva 0.38 14.55 0.12 0.24 0.25 0.13 0.16 0.12 0.17 0.27 0.22 0.37 0.78 0.45 0.12 0.18 0.99 0.12 0.82 0.97 0.15 0.54 0.63 0.76 0.28 0.75 0.59 1.50 0.5% 1.2% 100.0% 100.0% 

Unident. Agalmatidae 0.18 3.77 0.23 0.16 0.78 0.45 0.85 0.59 0.17 0.94 0.45 0.37 0.26 0.15   0.45 0.33 0.74 0.41 0.36 0.59 0.44 0.39 0.16 0.73 0.46 0.49 0.43 0.5% 0.5% 92.9% 100.0% 

Agalmatidae nectophore 2.72 7.22 0.39 0.35 0.14 0.18 0.21 0.73 0.17 0.47 0.45 0.25 0.14 0.26 0.18 0.45 0.33 0.22 2.35 0.29 1.38 2.76 0.13 3.47 0.90 0.70 1.43 5.64 1.0% 1.3% 100.0% 100.0% 

Agalma elegans 0.22 0.62 0.16 0.13 0.12 0.36 0.42 0.37 0.13 0.34 0.22 0.50 0.12 0.18 0.20 0.34 0.41 0.22 0.26 0.24   0.18 0.25 0.16 0.42 0.17 0.16 0.14 0.3% 0.2% 92.9% 100.0% 

Agalma elegans nect. 4.43 16.17 3.89 1.79 2.75 2.40 0.42 0.72 1.98 1.77 0.84 0.50 0.84 3.11 2.31 0.48 4.48 1.97 0.72 0.73 1.19 1.23 1.83 3.34 7.57 12.52 7.82 11.97 3.8% 3.4% 100.0% 100.0% 

Nanomia bijuga 0.12 0.30 0.53 0.29 0.78 0.30 0.21   0.27     0.12 0.52 0.88 0.25 0.45 0.82 0.62   0.13       0.32 0.42 0.58     0.4% 0.2% 64.3% 71.4% 

Nanomia bijuga nect. 0.46 0.94 0.26 0.16 0.12 0.90 0.85   0.54 0.31 0.34 0.12 0.39 0.28 0.12 0.16 0.31 0.38 0.62 0.13   0.35   0.79 0.28 0.17 0.33 0.70 0.4% 0.3% 85.7% 92.9% 

Suborder Calycophorae                                                                 

Family Diphyidae                                                                 

Unident. Diphyidae       0.14     0.57   0.54 0.24 0.27   0.26 0.29 0.74 0.15   0.14                     0.2% 0.1% 35.7% 35.7% 

Muggiaea atlantica 0.19 0.22 0.92 1.33 0.74 1.74 0.63 0.79 0.46 0.82 4.40 5.40 1.95 1.82 2.87 2.37 9.62 8.65 0.82 0.48 0.89 0.77 0.25 0.25 0.13 0.52 0.49 0.43 2.3% 1.5% 100.0% 100.0% 

Order Anthothecata                                                                 

Unident. Anthomedusae   0.94 0.75 0.87   0.15 0.16 0.15 0.27 0.16 0.11 0.12 0.13   0.12 0.11     15.14 3.68 2.56 13.97 5.58 7.70 5.94 11.24 8.86 9.90 3.7% 2.8% 78.6% 85.7% 

Family Corynidae                                                                 

Coryne eximia 0.82   0.35         0.29   0.16       0.15     0.16 0.12 0.13 0.48     0.29 0.32 0.55   0.85 0.70 0.3% 0.1% 50.0% 50.0% 

Stauridiosarsia 

gemmifera 
    0.18                   0.39   0.25   0.82 0.12 0.19 0.36 0.74   0.25 0.13 0.98 0.17 0.65 0.17 0.4% 0.1% 64.3% 35.7% 

Sarsia tubulosa                                                     0.65   0.1% - 7.1% - 

Sarsia Prolifera                                     0.47   0.14 0.18 0.23 0.11 0.42 0.93 0.52 0.58 0.2% 0.1% 35.7% 28.6% 

Dipurena halterata                                                   0.14 0.16   < 0.1% < 0.1% 7.1% 7.1% 

Family tubulariidae                                                                 

Ectopleura dumortierii     0.18                     0.15         0.26           0.15 0.17     0.1% < 0.1% 21.4% 14.3% 

Corymorpha nutans                                                 0.56   0.49 0.72 0.1% < 0.1% 14.3% 7.1% 

Euphysa aurata 1.80 0.40 0.30 0.14 0.47   0.42 0.73     0.11   0.26 0.29     0.33   0.26 0.24 0.15 0.27   0.16   0.14   0.14 0.4% 0.1% 64.3% 64.3% 

Family Zancleidae                                                                 

Zanclea costata                                                   0.43     - < 0.1% - 7.1% 

Family Hydractiniidae                                                                 

Podocoryne borealis                                     0.26     0.88 0.25 0.16     0.16   0.1% 0.1% 21.4% 14.3% 

Podocoryne hartlaubi                                   0.12                     - < 0.1% - 7.1% 

Family Bougainvillidae                                                                 
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Station 1G 1R 2G 2R 3G 3R 4G 4R 5G 5R 7G 7R 8G 8R 9G 9R 10G 10R 11G 11R 12G 12R 13G 13R 14G 14R 15G 15R 
Gulf 

CA% 

Ring 

CA% 

Gulf 

FO% 

Ring 

FO% 

Bougainvillia brittanica                     0.11   0.13 0.29             0.15               < 0.1% < 0.1% 21.4% 7.1% 

Family Pandeidae                                                                 

Amphinema rugosum   0.44                                 0.41 0.13 0.30   0.25 0.16 0.28 0.14   0.14 0.1% 0.1% 28.6% 35.7% 

Leuckartiara octona 0.82 0.13     0.12 0.30 0.21 0.15 0.54 0.31 0.22 0.25     0.25 0.11 0.16 0.99 0.49 2.92 0.15 0.35 0.25 0.95 0.17 0.29 0.27 0.16 0.3% 0.4% 85.7% 85.7% 

Order Semaestomeae                                                                 

Family Pelagiidae                                                                 

Pelagia noctiluca   0.22   0.58         0.27                                       < 0.1% < 0.1% 7.1% 14.3% 

Phylum Ctenophora                                                         2.0% 0.8% - - 

Order Cydippida                                                                 

Fam. Pleurobrachiidae                                                                 

Pleurobrachia sp. 0.43 0.27 0.75 0.29 0.24     0.15                 0.16   9.53 2.30 3.64 3.63 1.87 2.59 1.24 3.59 1.35 1.28 1.8% 0.8% 64.3% 57.1% 

Order Beroida                                                                 

Unident. Beroida 0.82                                                       0.1% - 7.1% - 

Beroe sp. 0.82     0.14                               0.13 0.15     0.32         0.1% < 0.1% 14.3% 21.4% 

Phylum Chordata                                                         80.9% 84.9% - - 

Order Doliolida                                                                 

Family Doliolidae                                                                 

Dolioletta spp. 32.65 135.17 27.65 25.64 5.47 9.58 48.34 77.38 6.11 15.98 36.23 67.13 6.33 3.99 127.63 68.40 113.68 11.74 11.40 25.53 8.71 61.47 339.40 113.53 3.95 395.85 51.50 37.14 76.2% 60.5% 100.0% 100.0% 

Order Copelata                                                                 

Family Oikopleuridae                                                                 

Oikopleura spp.   61.55 15.60 189.97 3.32 22.38 6.42 95.19 12.12 6.99 0.11 2.75 0.16 1.88 2.21 1.12 0.99 1.49 1.23 5.42 2.62 9.73 1.15 8.96 2.17 7.35 1.69 7.71 4.6% 24.4% 92.9% 100.0% 

Total GZ 49.4 244.8 53.0 222.5 15.8 39.5 60.5 177.9 24.2 32.8 46.6 84.3 12.6 15.1 138.0 75.2 134.6 29.3 46.9 45.7 28.0 99.9 354.3 145.9 29.5 438.9 80.9 81.9 - - - - 
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Appendix 2. Metanalysis of papers that compare zooplankton samplers in Atlantic the Ocean which include data on gelatinous zooplankton. Note that few papers have identified taxa to 

species level. 1 Some values have been approximated from literature figures/tables of most abundant taxa (i.e. from non-distinct values of abundance) if not provided discreetly in paper text. 2 

Some abundance estimates have been grouped and averaged if a single mesh size for a particular method was used for several different trials in a single study. 

Study Area Net method Mesh size 
Aperture open 

area (m2) 

Mean abundance 

(ind. Per m3) 

Taxa 

richness 

Similar abundance 

across some 

methods? 

Similar taxa 

richness across 

some methods? 

Long et al., 

in press 
Malin Shelf 

1. Gulf VII                         

2. 1m Ring net 

1. 200µm                        

2. 200µm 

1. 0.03                                  

2. 0.79 

1. 139.5 ± 80                    

2. 155.5 ± 63 

1. 34                         

2. 33 
Yes Yes 

Hosia et al., 

2017 

Mid Atlantic 

Ridge 

1. Macrozoop. trawl                                

2. Multinet                      

3. 1m Ring net 

1. 3 x 3 mm                    

2. 180µm                          

3. 750µm 

1. 36                                     

2. 0.25                                   

3. 0.79 

1. 0.0014 ± 0.0009         

2. 0.46 ± 0.3154             

3. N/A 

1. 68                         

2. 48                       

3. 45 

No Yes 

Licandro et 

al., 2015 
North Atlantic 

1. "Jelly net"                  

2. MOCNESS                  

3. Harstad                        

4. Macrozoop trawl     

5. Bongo net 

1. 800µm                        

2. 180µm                        

3. 30,000µm                       

4. 3,000µm                     

5. 200µm 

1. 0.79                                  

2. 0.79                                  

3. 314.16                              

4. 28.27                                

5. 0.13 

1. 0.0042 - 0.12               

2. 0.22                              

3. N/A                               

4. N/A                               

5. N/A 

1. 32                         

2. 37                         

3. 32                        

4. 32                         

5. 18 

No Yes 

Stehle et 

al., 2007 

NW Porteguese 

coast 

1. LHPR                            

2. Bongo net 

1. 280µm                        

2. 335µm 

1. 0.13                                  

2. 0.28 

1. 4.76 1                            

2. 10.45 1 N/A No N/A 

Nogueira et 

al., 2015 

Babitonga Bay, 

Brazil 

1. Ring net                       

2. Ring net 

1. 200µm                        

2. 500µm 

1. 0.13                                    

2. 0.2 

1. 6.2                                  

2. 0.72 

1. 33                        

2. 31 
No Yes 

Skjoldal et 

al., 2013 

Storfjorden, 

Norway 

1. MOCNESS                  

2. BIONESS                     

3. Multinet                     

4. LHPR                            

5. WP-2                            

6. Gulf-V                         

7. CalCOFI net  

1. 180µm, 330µm        

2. 333µm                        

3. 200µm                         

4. 200µm                        

5. 200µm                        

6. 300µm                          

7. 333µm 

1. 1                                         

2. 1                                          

3. 0.25                                    

4. 0.10                                   

5. 0.25                                   

6. 0.03                                  

7. 0.785 

1. 469.94 2, 84.19 2                    

2. 52.43 2                         

3. 16988                            

4. 350 1                               

5. 5399.8 2                      

6. N/A                               

7. 0 

N/A No N/A 
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Appendix 3. Survey information for zooplankton samples that were analysed for gelatinous mesozooplankton from fisheries surveys. A live CTD probe was attached to the Gulf VII. 

Environmental data for ring net deployments was collected using a CTD rosette sampler which was deployed directly before each ring net deployment. 

Survey year Sampling period Net type used Number of stations CTD Type Associated fisheries survey 

2007 28/06 - 03/07 

Gulf VII 

13 in situ 

Irish Mackerel Egg Gulf Survey (Irish 

MEGS) (ICES, 2019) 
2010 10/07 - 19/07 14 in situ 

2013 17/07 - 21/07 11 in situ 

2016 17/07 - 27/07 

ring net 

23 before 

Western European Shelf Pelagic Acoustic 

Survey (WESPAS, 2019) 

2017 10/06 - 22/06 26 before 

2018 14/06 - 26/06 24 before 

2019 14/06 - 30/06 25 before 

 

  



Appendices 

130 

Appendix 4. Mean abundance values each survey for all gelatinous species identified in the study, ranked by their overall mean abundance (highest to lowest). SD = standard deviation of the 

mean. 

 2007 2010 2013 2016 2017 2018 2019 Overall 

Species N m-3 SD N m-3 SD N m-3 SD N m-3 SD N m-3 SD N m-3 SD N m-3 SD N m-3 SD 

Oikopleura spp. 73.69 146.24 41.02 66.86 2.04 5.51 32.80 40.71 111.43 90.14 76.00 72.11 18.17 36.86 55.03 80.90 

Aglantha digitale 3.10 4.30 2.05 5.38 2.84 6.10 31.88 60.38 74.87 139.45 17.54 47.33 7.37 19.03 24.89 73.10 

Dolioletta spp. 7.17 10.51 2.85 4.12 2.25 6.40 56.47 139.62 14.01 55.34 0.01 0.07 0.28 0.93 13.44 64.53 

Agalma elegans 0.86 0.87 0.01 0.02 0.01 0.01 9.64 13.16 15.23 19.44 8.39 26.26 1.87 1.84 6.45 15.75 

Lizzia blondina - - - - - - - - 26.87 55.44 0.23 1.15 0.01 0.05 5.18 26.11 

Muggiaea atlantica 43.63 53.56 7.37 18.21 0.21 0.52 0.04 0.08 0.33 1.04 0.07 0.26 0.07 0.17 5.04 21.23 

Salpa fusiformis 0.02 0.08 0.01 0.03 0.09 0.16 0.12 0.55 - - 0.04 0.14 3.14 9.77 0.62 4.30 

Unident. Anthomedusae 0.32 0.40 0.02 0.06 0.20 0.48 2.52 4.80 0.57 1.85 0.01 0.06 0.04 0.09 0.59 2.29 

Euphysa aurata 0.83 0.83 - - <0.01 0.01 0.11 0.26 0.86 1.39 0.15 0.27 0.44 1.80 0.37 1.06 

Pleurobrachia spp. 0.02 0.07 0.01 0.04 0.05 0.08 0.14 0.43 0.78 1.44 0.60 2.12 0.25 0.71 0.33 1.16 

Unident. Physonectidae 0.01 0.04 0.01 0.03 0.01 0.01 0.51 0.91 0.01 0.01 - - 0.02 0.03 0.09 0.42 

Nanomia bijuga 0.01 0.03 <0.01 0.00 0.01 0.03 0.13 0.24 0.10 0.18 0.01 0.03 0.17 0.28 0.08 0.18 

Unident. Leptomedusae <0.01 0.01 0.03 0.09 0.01 0.03 0.04 0.11 0.11 0.17 0.05 0.12 0.13 0.32 0.06 0.18 

Clytia hemisphaerica - - - - - - 0.02 0.08 0.11 0.26 0.03 0.13 - - 0.03 0.14 

Corymorpha nutans 0.01 0.04 <0.01 <0.01 - - 0.01 0.04 0.13 0.34 0.02 0.11 0.01 0.07 0.03 0.13 

Beroe spp. - - - - - - <0.01 <0.01 0.03 0.08 0.01 0.03 0.10 0.33 0.03 0.15 

Leukartiara octona <0.01 <0.01 0.02 0.07 0.03 0.05 0.04 0.09 0.06 0.13 <0.01 0.01 0.02 0.06 0.03 0.08 

Unident. Ephyrae - - - - - - 0.12 0.34 - - - - - - 0.02 0.14 

Laodicea undulata - - - - - - 0.01 0.03 0.02 0.06 0.02 0.04 0.05 0.15 0.02 0.07 

Obelia spp. - - - - - - - - 0.05 0.14 0.01 0.05 - - 0.01 0.07 
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 2007 2010 2013 2016 2017 2018 2019 Overall 

Species N m-3 SD N m-3 SD N m-3 SD N m-3 SD N m-3 SD N m-3 SD N m-3 SD N m-3 SD 

Hydractinia borealis - - - - - - - - 0.02 0.06 - - 0.03 0.10 0.01 0.05 

Solmaris corona 0.07 0.16 - - <0.01 0.01 - - - - - - - - 0.01 0.05 

Ectopleura dumortieri <0.01 0.01 - - - - - - 0.03 0.10 - - - - 0.01 0.04 

Mnemiopsis sp. - - - - - - - - - - 0.03 0.09 - - <0.01 0.04 

Bolinopsis infundibulum - - - - - - - - <0.01 0.02 0.02 0.07 - - <0.01 0.03 

Eutima gracilis - - - - - - - - - - 0.02 0.12 - - <0.01 0.05 

Aqueora sp. - - - - - - - - 0.02 0.05 <0.01 <0.01 <0.01 0.01 <0.01 0.02 

Unident. Diphyidae - - 0.02 0.06 0.01 0.04 - - - - - - - - <0.01 0.02 

Soestia zonaria - - - - 0.03 0.11 - - - - - - - - <0.01 0.03 

Liriope tetraphylla - - - - 0.01 0.03 - - 0.01 0.05 - - - - <0.01 0.02 

Coryne eximia - - - - <0.01 0.01 - - 0.01 0.05 - - - - <0.01 0.02 

Amphinema rugosum - - - - <0.01 0.01 - - <0.01 0.02 - - 0.01 0.03 <0.01 0.01 

Stauridiosarsia gemmifera 0.01 0.02 - - - - - - - - - - - - <0.01 0.01 

Pelagia noctiluca - - - - - - <0.01 <0.01 <0.01 0.01 - - - - <0.01 <0.01 

Sarsia spp. - - - - <0.01 <0.01 - - - - - - - - <0.01 <0.01 

Bougainvillia pyramidata - - - - <0.01 <0.01 - - - - - - - - <0.01 <0.01 

Cyanea lamarckii - - - - <0.01 <0.01 - - - - - - - - <0.01 <0.01 

Modeeria rotunda - - - - <0.01 <0.01 - - - - - - - - <0.01 <0.01 
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Appendix 5 

A novel platform for monitoring gelatinous mesozooplankton: 

The high-speed Gulf VII sampler quantifies gelatinous 

mesozooplankton similar to a ring net 
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