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ABSTRACT

Jellyfish blooms are known to impaativersely a variety of industries, including
fishing and tourismA review of scientific literature indicates that blooms and their
impactsmayintensifyin the Northeast AtlanticThere are also indications ththe

pubic perceivethatblooms are becoming more commarthis region This
researctaimedto identify whetheblooms and their increasasross the

Northeast Atlantic are a possibility, andsd,generate an understanding of the
potential economic impactse fishing and tourismGIS basednapsof jellyfish
presence and bloootcurrence werdevelopedising current understanding of
physiologicalthresholds for a variety of jellyfish speci@he maps indicated that
increases iloomoccurrence in the future apossibilityfor several species
particularlyin watersto the southwest of the UK. Based on these results, case study
locations associated with coastal tourism (St Ives) and fishery activity (Brixham and
Newlyn) were selected to assess whether andidtoems could cause impadts

these, applying an ecosystem services approach to measure potential economic and
welfare changesSurvey responses frofishers and touristeere used to explore

future hypothetical bloom scenari@dquantitative indicatios of how the

industries would operate and respovelre derivedFishes envisaged displacement
effort as the main impagawith additional operational costs coming from increased
fuel use while fishing during blooms. Tourists reported blooms would impede leisure
activities, resulting in less beach visit§hese findingenabled quantification of

welfare impact due to loss técreational activities, as well as subsequent decreases
in holiday expenditure that impathe local economy. Management options were

explored during the tourism survey (ajgilyfish nets) and mitigation considerations



were made in relation to the ffisry findings (informing skippers of the costs certain
bloom responses). Based on the study results, pmtidymanagement

recommendations, as well as future research opportunities, are discussed
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

1.1 Introduction and Rationale

A jellyfish bloom is when intense congregations of medusae occur within a
specific geographic location (Mills, 2001; Brarzal 2012). When jellyfish

bloom in waters where anthropogenic activity occtimsyare known tacause
socioeconomibenefits andmpacts to users of the marine environment (Graham
et al.2014). In a modelling study, Grahaet al (2014) showed that under a
variety of scenarios where bloom increasecur, the economic value of their
berefits will increase, but at a much lower rate than the increases in economic
costs that they are known to haVée scientifiditerature summarises a range of
ways in which blooms cause impact through interactions seitteral
anthropogenic activities @. Grahanet al.2014). Such impacts include jellyfish
decreasing the ability of humans to gain provisioning services from ecosystems
such as foodincluding jellyfish hampering the operatiooisfishermerby

clogging their netsRalmieriet al. 2014)andstinging jellyfish causing the death

of farmed finfish(Doyle et al 2008) Blooms also impact cultural services such
as tourism, which can include them forcing the closure of beacttiedecreasing
visits to the coastal environmei@hermandet al.2015. The impacts blooms

have are of importance because studies have attributed significant
socioeconomic impact to them (e.g. Knowler, 2005; Palreieal. 2014;

Ghermandet al.2015) and reports of interactions between blooms and people
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appear to have aneased over the last couple of decades (Purcell, 2005). A
perception exists th@llyfish blooming events are becomingpre common
worldwide, with jellyfish blooms gaining significant attention within the media
when they occur (Condaat al.2012). Howeeer, this perception is debatalale
increases in interactions could simply have occurred due to increased use of the
marine environment by huma(@ondonet al 2012; SanaMartin et al 2016)
Fewrecords exist of long term population trends to confirmtiviejellyfish are
becoming more common and that the oceans maybe heading towards a more

gelatinous futureGondonet al. 2012).

The Northeas@tlantic is an example ofreareawvhereevidence has been

gathered that suggests thédonms could potentially be on the increase (Lillety

al. 2009; Licandreet al.2010; Palmieret al 2015). However, there is

uncertainty associated with jellyfish populations in the area with few attempts in
existence to map their distributions and the locestiof potential blooms or
projections of what future populations will be like in the area (one of the few
examples includes a study by Collingridgfeal 2014 who assessed the North

Sea for potential invasions of the ctenophdreemiopsis Leidyi Also,

compared to locations where blooms are typically more common (e.g. the
Mediterranean), understanding of how anthropogenic activities in the marine
environment respond to blooms and quantifications of subsequent socioeconomic
impacts are lacking, apart froguantifications in lost aquaculture revenue as
result of bloom induced die offs of farmed salmon (causdadyms that

occurred off the coasts of Ireland2007 and2008 (Doyleet al 2008)). There is

therefore a need to understand jellyfish populatiorasseassuch as th&lortheast
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Atlantic so that impacts casobe understoodnd potentially managed
Information on the causes of blooms exidtat could potentially be applied to
this area to assess what jellyfish populatiomesy be like, so that projections of
their potential impacts can be madiée overarching rationale of this thesigo
therefore generate an understanding of jellyfish in the Northeast Atlantic,
including potential blooms, of locations that may be impaadgthe magnitude
of any socioeconomic consequences that blooms could cause and any

management considerations.

1.2 Aims and Research Questions

This section of the chaptdefinesresearch questions to be addressed in relation
to therationale of the study (discussed above), focusing on the impacts that
jellyfish could havewithin theNortheast Atlantic so that management and policy
implications can be considerdebr this, an understanding of jellyfish

populations is paramount becausstributions of potentially large populations
will determine any socioeconomimpacts that could be incurredn&wledgeof

the spatial distribution of locations of possible blooming events across the
Northeast Atlantic and how they coincide with anfgimgenic activity in

Northeast Atlantic watelis required to recognise the ecosystem services and

benefit /beneficiaries that could be impacted.

Based on these consideratiom® following research questions were developed

to encapsulate the main fodithe research
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1. What does existing knowledge of changes in the marine environment reveal
about potential future jsffish blooms across the Northeddtantic, based on
their physiological thresholdsesponses to the marine environn?ent

2. What would behe magnitude of the soegconomic impacts related to the
tourism and fishing indusésin the event of increasl jellyfish bloom
occurrence acrogee Northeasttlantic?

3. What are the possible management and policy options that would address the

socioeconomic impacts of future bloom changes inNwgtheasttlantic?

As indicated by these three research questions, this researchi@iihexatify
whetherblooms and their increasasross thélortheastAtlantic could occuy

and, if they are, then genezan understanding of the potential socioeconomic
impacts in coastal and marine locatiohise locations of fisheries and tourism
activity that coincide with areas thatuld support bloomeeljlyfish became the
focus of thisstudy, because of the activities the literature suggests could be
impacted furthermore no quantificationgxistof bloom impactgor these two
industries in th&NortheastAtlantic, anly suggestions of whaiuld occur.
Understanding of the ways blooms coul@iefe these activities and the cost

projections themnableghe consideration of management implications.

1.3 Thesis structure

Due to the range in scope of the research questions developed, it became apparent

that this study would requiiaterdisciplinary research to access ithterface
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between the natural and social worlds, and draw upon these, to examine jellyfish
populationchangs, bloomng eventsandhow theyimpact society. A

combination of natural argbcial science methodologies was thereferpiired

to generate and bring together data to answer the three research questions. In
terms of research question 1, a natural sciences approach was applied to develop
an understanding of the physiology of jéik and how suited the Northeast
Atlantic is to populations in relation to the locations of anthropogenic activity.

For research question 2, understanding of societal responses to blooms was
required, involving social science methodologies to develomdaratanding of

the impacts of bloom induced changes to the environment so that economic
projections of impact could be made. An ecosystem services approach
underpinned these aspects of the researolth enabled a conceptualisation of
changes to the emanment resulting in changes to ecosystem services and
benefits. The findings from the natural and social questions that were posed in
relation to jellyfish bloomincreass and anthropogenic activity then allowed for
consideration of the third research gtien as to whether management is required
and what the options are. Throughout this thesetl, establishedechniques and
frameworks from the natural and social sciengessapplied to theemerging

field of jellyfish bloom impact research.

The remainder of this section describes how the thesis is set out in relation to the
investigations and field work that was undertakeimapter 2 reviews the

literature from wirch the rationale for the study descridedChapter 1was

coined. It also reports the current knowledge on the physiological thresholds of

jellyfish in the marine environment; these formed the bases of the investigations



Chapter 1 Introduction

into the locations where blooms aathropogenic activity could coincide within
the Northeast Atlantic. The chapter then outliae®cosystem service approach
framework to develop an understanding of the interactions with blooms that
could occur and how subsequent impacts can be quan@iiregbter 3hen

discusses the methodology of the research, describing how potential jellyfish
populations across the Northeast Atlantic were visualised and the stages of the
approach that was used to understand and quantify any bloom impacts that could
occur on both the fishing and tourism industri@sChapter 4, the results of
visualisations of potential blooms are displayed, identifying the spatial extent of
anthropogenic activity that could be impact€tapter 5 and en discuss

output from the ecystem services approach, reporting the responses of the
fisheriesand tourismindustries in the Northeast Atlantic to blooms as well as
projecting the subsequent socioeconomic impacts in case study locations
identified in in Chapter 4. Chapter 7 then dades the thesis by discussiting
research, outliningolicy and managememtplications of the worlas well as

future research recommendations.
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CHAPTER 2

JELLYFISH BLOOMS AND THEIR

CONSEQUENCES TO COASTAL INDUSTRIES

2.1 Introduction

This chapter reviews the literatusa the nature of jellyfish bloomsndthe

potential for future changes in bloom frequendiesause oénvironmental

change. The choice to focus on blooms and potential increases in bloom
frequencies is based on thetfdtat they are known to cause a number of
socioeconomic impacts to coastal communities. The impactiiar® the
interactions bloombave withseveralanthropogenic activities, such as coastal
tourism, finfish aquaculture and fisheries, each of whiehdeéscussed during this
review. The evidence as to whether increases in bloom occurrence are actually
happening, as well as the areas that may experience increasing blooms in the
future, are also reviewed and discussed. The review opens at a glehal le

looking at blooms occurren@eross thevorldd s  o,¢heiasacgeconomic

impacts and the potential consequences where interactions between jellyfish and
people ardeing reported more oftefihe review then focuses on blooms in the
Northeasttlantic, a an example of an area where evidence exists that jellyfish
populations are increasing. Issues associated with jellyfish blooms on coastal
communities are discussed in section 2.2, based on the review of reports on how

and the degree to which blooms ar@¥Wwn to impact fisheries, finfish
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aquaculture and coastal tourism. The perception (within society, the media and
the scientific literature) of bloom increases worldwide and potential for future
blooming event increases are then reviewed (evidence fomgantshare

discussed in section 2.3.1). Focusing again oiNtirtheastAtlantic, gaps in
knowledge about where potential future blooming event increases may occur, as
well as previous studies on their spatial distribution, are investigated in section
2.32,introducing the Northeagttlantic asthe focus of this research

To answer the three research questions set @hapter 1 awelfare benefit
valuation is proposed based on the ecosystem services / bappfibach, in

relaion to humaractivitiesthat could be impacted by future blooms (section
2.4).An ecosystem services approacipissented ansuggestedor this research

as a framework to consid#re importance of understanding the spatial scale of
potential impacts and the variety of methagailable to value the benefits

derived from coastand marinevaters that could be impacted by blooms.

2.2 Jellyfish Blooms and their Impacts

Geldinous medusae (members of theidaria(subphylum: Mdusozoaand
Ctenophora (for more information oaxtonomy see Hayward and Ryland,

2008)), hereatfter referred to as jellyfish, are known to bloom as part of their life
cycle (Mills, 2001; Purcekt al.2007; Hamner and Dawson, 2009; Richardsbn
al. 2009; Brotzet al. 2012). A bloom occurs when large numbers of jellyfish
congregate in a specific geographic location, often over a relatively short period
of time (Mills, 2001; Brotzt al 2012).Blooming is a natural phenomenon that

is described as an evolutionary adeayg to gregrious jellyfish, enabling them
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to out compete other more mobile marine organisms (Shiganova and Bulgakova,
2000 Hamner and Dawson, 200Bloomsizesin terms of numbers, biomass,

and duration can vary between species and location, with edgeports

existing of several thousand individuals occurring in single events (Grahalm
2003). Therarea range ofiegativempactsthatblooms have been reported to
have on human populatiomshen they occur within inshore waters rangirogn
generdly beingdetrimental to public healtiMariottini and Payne, 201@e

Donnoet al.2014)to causing disruption to humaattivity such as teoastal

tourism (Ghermandgt al.2015), finfish aquaculture (Purceit al.2007;

Gershwin, 2013)and commercial fishing (Knowler, 20D3However, it needs to

be acknowledged that not all interactions between large jellyfish populations and
people areegative For example, in some parts of Asia, jellyfish are exploited
commercially for consumption kyeople (Hsieh and Rudloe, 1994; Hsetlal.

2001); some argue that jellyfish have aesthetic value (Grahah??014); and in
other cases, jellyfish are known to act as prey and havens for commercially
important fish species (Bonal@b al.2004). Mostreports however, suggest that
blooms within coastal areas have an overall negative impact, which is focussed
on in this review. A large proportion of the literature focuses on blooms

occuring within the Mediterranean, as well@asew examples in Austraan

and Southeast Asian watevghereastudiesarelacking insomeareas where

jellyfish are known to occur (which includes the Northeast Atlantic). The studies
include attempts to quantify the socioeconomic impacts of blooms and provide
descriptions ohow blooms have negative impacts. The impacts that blooms have

on various aspect on fisheries, aquaculture and tourism are disasteaey are
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most commonly reported in the literature, and the focus of studies which have
attempted to quantify (in econaerterms) such impacts. Other industries are
known to be affected adversdly bloomsincluding the nuclear powéndustry,

but there is a lack of specific studiassessing thesmpacts Much ofthe

literature reviewed describes the impacts of bloomsoastal human populations
in areas where blooms are a common occurrence, such as the Mediterranean
where bloomare known to interact witfisheries (Palmieret al 2015)and
tourism (Ghermandgt al 2015) (in most examples discussed in this revieay

are an annual oca@nce during the summer months).

2.2.1 Fisheries

Many of the impacts repted within this section that areted within the

literature comdrom the varying locations within the Mediterranearhaf’
occuring within fishing groundsjellyfish bloomscanimpact the fishing industry
in different waysjncluding blooms hampering fishing equipment and interfering
with the fishing processes, making it less likely that fishermen are able to achieve
their quotas, simply because there acert@ny jellyfish in the water acting as a
barrier to target fish species (Uye, 2007; Katral.2013; Nastaet al.2013;
Palmieriet al.2014). Blooms are also known to damage catch when jellyfish
bycatch is concurrently hauled aboard the fishing vedseteasing the value of
each haul (Nastaet al 2013 Palmieriet al.2014).A survey conducted in the
Adriatic Sea, reports that bloom bycatidcreasethe amount of catch per haul

as the nets are clogged with jellyfish (Palmedral. 2014) with thefishermen

10
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forced to make more hauls, adding fremational costs and time outsaia.
Reportsalso exist thasuggesthere is aroverlapin preypreferencebetween
commercially important fish andllyfish that leads to competition, which
decreasgthe rumbers of fish available for fisheemto catch which is

heightened during blooming everiRurcelland Arai,2001) although
guantifications of actual decreases are not currently availatier studies

suggest that jellyfish prey upon juvenile fishu(Bell andSturdevant2001),
potentially decreasing potential catch further as fewer species are reported to prey
upon jellyfish (described as trophic dead ends by Richaretlsain2009). The
decreases in fish as a consequence of blooms can be indrgdsedif the target
species are already in decline (i.e. as a result of overfishing prior to the
occurrences of blooms) (Knowler, 2005). Finally, some jellyfish species can be
hazardous to fishermen when they are hauled aboard vessels due to their abilit

to sting humans (Palmieet al.2014).

As a result, jellyfistblooms are known teeduce catch, causshermen to spend
more time ouhtsea to achieve quotass well as impacting the welfare of the
crew(Palmieriet al.2015. Theinvasions oMnemiopsis leidyacross the Black
Seain the 1980s (probably introduced via ballast water), were suggested to be a
significant factor, together with overfishing, in tfighery crashethat occurred
there(Knowler, 2009. Theeconomiamodel developed bi¢nowler (2005)
suggestshattheblooms of the ctenophore contributed significantly to the
population crashes in anchovy that was targetetidyishery The model

attributed annual catches dropping by 9@&ingthe M. leidyiblooms,

culminating in losse of around $16.7 million per year which amounted to a 98%

11
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decrease in total profits. In a more recent study, Paletiedi (2014) assessed

the effects of annudllooming events within thaorthern Adriatic, a location of

one of the most heavily exploddisheries in the Mediterranean. A survey of
fishermends perceptions of bsuffteredins i n t h
negative effectsn their fishing activity (described aboy#®)ith estimated

economic | osses for t hompelyea tue @ blootms a wl f
forcing alteratios to fishingoperatios, damagedishing gear,andimpacting the

health of fishermerlhe study revealekhcreased annual fuel costs 4 6 0),a 0 0
fishermen have had to travel furtiggventraditional fishing grounds had

succumbed to bloombut also becauszdditional trawls to achieve quotagre

required as a consequenceétifom bycatctwhich decreaed thefish caught per

trawl. Damage to nets caused by bloorchych resulted iestimaed 89,000

extra man hours a year equipment maintenance. In fact, annual bloon. of
noctilucaandA. auritain Mediterranean waters are known to clog fishing nets

and foul fishing apparatus, resulting in costs for replacing and repairing damaged
gear(reviewed byPurcellet al.2007; Purcell2012). Alsoeviews of the

primary literaturghat summarise thiateractions between users of the marine
environment and bloomstatethat blooms are hazardous to fighnen when

stinging jellyfish byatch is haled onto the deck of vessels with crew reporting

health issues when sorting catch, forcing them to use extra safe{yPgezellet

al. 2007;Brotz et al.2012; Gibbons and Richardson, 2013)

There appears to be fawsponses available tishermen tanitigate the impacts
caused by bloordisruption One exampleprovided byPalmieriet al. (2014)

suggests that fishermenahd move to other groundgon witnessing blooms

12
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before deploying their fishing gear, bts does not guarantd#oom avoidance
becaus®f the distance the fisherméave to trawl acrodsloom prone waterst |

only takes one bloom within the large distatresvledto cause the issues

described above. On top of this, there is added fuel costs of moving to alternative
fishing grounds, whichmay also be compromised by blooms. Other responses
available to fishermen that enable them to achieve their catch insjueieihg

more time out to seas a result of having to do more trawls due to jellyfish
clogging nets and leaving less room for catch as well as the greater time needed
to sort bloom bycatchyear protective gedo avoid stings; and havirtg repair /
replace dangeto nets causebly jellyfish (all reported by Palmieet al.2014).

All of these responses highlighted above result in added welfare and economic
costs even if the fishermen still achieve their quotas, with consequent reduced

profits.

2.2.2 Finfish Agquaculture

In terms offinfish aquaculturgjellyfish bloom presence has been reported to
result in economic impacts as jellyfiare known to triggegill disorders and
mortality in penned finfisiifSammes and Greathead, 2004; Pustedil. 2007;
Doyleetal. 2008 Baxteret al.2012. This happens becaugdlyfish are
planktonicandare unable to swim against water movementschpull them
towards aquaculture pens due to the maurrents created by penned fish all
swimming in unison (Gershwin, 2013 could also be the case that blooms

simply coincide with the locations of finfish peri3dyle et al.2008. Jellyfish in

13
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the vicinity become entangled to the structures of the enclosures and break up
when forced against the me@bershwin, 2013). Stinggcells remain active

when they break up and enter the fish pams inevitablyenter the gills of

penned fishThis causebaemorrhagethat leads teuffocationand death

(Sammes and Greathead, 20Q¥%o0, biofouling of pens as consequence of the
presere of some hydrozoan have been reported to also lead to gill disorders,
resulting in mortality and harvest spoiling (Bax¢tal.2012). Some reports also
suggest that jellyfish hadoir pathogens that triggésh kills (Delannoyet al.

2001). Jellyfish are also known to be a health hazard for people who work in the
industrydue to their ability to stingnd can increase maintenance requirements

of aquaculture apparatuBdschBelmaret al.2017).

Doyleet al.(2008) reporda record blooming event &f. noctiluca

(encompassing a Myjuaremile area) off the coast Ireland to whichthe death

of 100,000 farmed salmamas attributed directlyresulting in around £1 million

in lost aquaculture revenu@ther examples of thishenomenoinclude severe

blooms between 20002 where extensive occurrences (11 recognised bloom

events) ofCyanea capillataff the Isle of Lewis, Scotlandaugdthe death of

around 2.5 million farmed salmon, resultingestimates of £5 million wortbf

economic costs (Johnson, 2002)the Mediterranean, a survey of the impacts of
bloomsrevealed thaa singleevent in 2011, caused a fish kill that cost a Spanish
companyi50,000 as well forcing themtoeithere p| ace net cages (U4
orappy cleaning treatments to pefseschusi ng f
Belmaret al.2017). Additionally, the study reports that the Tunisian

aquaculturist company incurred economic losses of a bladacted fish kill in
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the year 2009 that almost bankrupte(BibschBelmaret al.2017).There is a
paucity of suggestiafor the aquaculture industry in termsroitigating the

impacts of blooms.

However, diring the 2012 annual PICES meeting, Datl@l. (2012) described
several suggestions as to what the industry (specifically within the Northeast
Atlantic) could do to mitigate and prevent further mortality and gill disorders in
the event of bloom increases. The initial suggestion was to develop an early
warning system wen blooms are forecast to occur in the locations of pens so that
mitigation actions cabeenacted, such as emergency harvests or boarding up
pens. Other suggestion included the development and implementation of bubble
curtains, but this requires testiag to whether it actually stops bloom induced

fish kills and needs further development to make it less expensive. Another
suggestion was to force farmed fish lower in the water column to avoid blooms,
however a better understanding of vertical distribubblooms is required

specific to the location of the pens and the species that are may to increase in an
area. Understanding if blooms occur offshore and placing pens there instead of
nearer the coast was the fourth suggestionbécdiuse of the poteatirdocation

of the pens, if th technology was availableguld be expensive.

There are therefore a number of physical changes to operations that could
mitigate the impacts of future bloom increases, but these are either expensive or
require further remarch as to whether they would work before they could be
implemented. Geerating better understandingtb& preferences of those who
actually farm penned fish may provide indications of which may be effective

solutions were blooms to become more commd sliggestiorof increased
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engagement is supported by a studyBbgchBelmaret al.(2017),whose
investigations with the industry suggested that different aquaculturists have
varying knowledge of the impacts of blooms across the Mediterranean and
therefae a varied understanding on how to adapj.(talian and Spanish fish
farmers were better informed abalkie potential impacts of blooms compared to
their Maltesecounterparts In any areas where bloom increases may interact with
the industryjnforming aquaculturists that they are operating in locations that
could experience future blooms may lead them to engaginghaviours that

result in lessevere socioeconomic impacts selecting less expensive preventive
and/ or mitigation techniques shld the blooms appear. The literature therefore
highlights a need for improvements in technology famther engagement with

the industry in the event of the impacts of blooms becoming more substantial in
areas that currently experience them less ortrait.aHowever, forecasting

bloom locations appears to be the most popular suggestieduoe the

magnitude of an unavoidable impactdshould be a focus of future research into

controlling the impacts of future blooms incread@syle etal. 2012)

2.2.3Coastal Tourism

The most commonly reported effect of blooms on coastal tourism is the stinging
of beach users, particulasScyphozoa, Gbozoa andomeHydrozoastings
can caussevere discomfort and even death in humans (Burnett, 200%).of
these reports describe health issues when blooms impsetbasedactivities

(e.g bathing), but they can also imp&ind-basedecreation when mass
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strandings occur (Palmiegt al.2015). This can include the large amount of
jellyfish biomass washingp and acting as a bagrito recreation by the sea (e.g
sunbathing and walking), spoiling the scenery and when they decompose, they
produce odours that discourages beach recreation (Padtn&r2015). Also, as
long as the stinging mechanisms remaet on dead jellyfish that have washed
ashore, they are still capable of delivering sting to humans, resulting in further
health issues (Haddad al. 2009).When large aggregations of jellyfish occur in
coastal zones the stinging interactions with batbansreach epidemic

proportions and essentiallgsult inbeachclosureqreviewed byPurcellet al.

2007). This was the case in the 1960s wiRkysalia physalisvas attributed to

the stinging of 1,500 swimmers in 1961 in the Kanagasgion of Japan

(Yasuda, 1988. During the mi€1980s in the French Riviera,500 people were
treated forP. noctilucastings (Bernaret al.2011). Blooms are considered an
annual occurrence in some waters (particularly around tourist destinations within
the Mediterranean), with theidestscale impacts attributed Ex noctiluca
(Bernardet al.2011).The most recent records stdf 000 stiging caseare
regularlyreported across the Mediterranean coasts over a summer season
(Bernardet al.2011).There are also examples afhly dangerous species (often
Cubozoa) occurring in Australian, Asian and Iqalcific waters that annually

kill recreational water user&énner and Williamsqri996; Burnett2003

Palmieriet al.2015).

All of these interactionserveto decreas¢he number of visitors to coastal
resortseither through beach closures or bloom presence discouraging visitors

from an @aea (Ghermandet al.2015;Nuneset al.2015. However, although
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estimates of cosexist,and welfare impacts are reportéely studies specifically
state how mucblooms decrease recreational activities along the coasts,
particularly across the Northeast Atlantic (Palmétral.2015) Quantification or
predictions of the actual economic costs of blooms to tourisralswe

uncommon, possibly due to the fact thainitoring who visits coastal areas is
difficult and there are several indirect effects caused as a regeilybsh

presence (discussed below) that may impact the accuracy of modelstimaite
costs(Palmieriet al.2015) However, me attempt t@uantifyeconomic losé a
location of high coastal tourisiareportedoff the coast of Queensland,

Australig where the summer presence of the Irukandiji jellyfish (highly
venomous) deteedtourists from visitingesorts across the coastlimesting the
tourismindustry an estimatedlU$65 million (Macrokani®t al.2004; Gershwin

et al.2009).A more recent quantification of the impacts of blooms is reported by
Ghermandet al.(2015),who assessed the impacts of blooms on beach recreation
along the Mediterranean coasdtisrael by means dfeach user survey$he
responseto blooms that were reporteddiiopr edi ct ed mone-t ary | «
6. 2 paryedriosaaside tourismigrael (estimations of monetary losses
based on two case study | ocati.®dsms al ong
well as the cost$Ghermandet al (2015)demonstrated decreases in recreational
visits to coastal resorts during blooms. Based on regsoto the surveyhe

study estimated that beach visits decrddyebetween % and10.5% when
bloomswerepresenwith 41% of respondents stiag) that their recreational
activitieswereimpacted by bloom presencEhis contributed talecreasgin

tourian expenditurend associatednpactsto the local economyThe reasons
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and motives behind such decreases in beach visits ham@bestigated. One
hypothesis is that tourists hold a negative perception towards jelliitstrever
studies on publiknowledge about jellyfisindicate thapublicsare not well
informed about jellyfish (Dolch and Schernewski, 2004; Kessler, 2009), which
includes theébeliefthatmostspeciesaredangerous, leading to reduced beach
visits regardless of thigpe of the speies that is occurringBaumann and

Schernewski, 2032

The main measures to mitigate jellyfish impacts on tourists have been aimed at
keeping visitors within a coastal resortaintaining their recreational activities
whilst at the same timeeducinginteractions with jellyfisHspecifically stinging
species). This has been achieved in the Mediterranean by théaUigRisk

project where pools were created that separate small sections of the beach from
blooms in the water and net®reused to protect sections of the coast from
jellyfish washing ashore. On the project webgedlyrisk.eu), reactions to the

nets have been reported to be positive in a number of locations where they have
been installed. For example, in Italy bathersgeditheir effectiveness, and beach
side hotel owners have requested more nets to be put in place (MED
JELLYRISK, 2017). However, there are agaluationsr investigationsasto

whether the benesif suchschemesregreater than the costs of setting tists

up. Also, it can be argued that this is not atfestmeasure because nets

deployed throughout the summer period fdué to them being deployed
throughout the stinger seasoifienetsare alsaunnecessary during times when

blooms are not presemqotentially hamperingomerecreational activities.
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Education obeach users about bloomsamtherpotential avenu®r mitigatng

the negative impacts of jellyfish blooms on tourisnstddy by Baumann and
Schernewski, (201559 reportst hat coast al users fAdare |
know about the specid¢isat areoccurring.Information can be delivered through
social media or phorapplications (Marambiet d 2013) or through beach
signage urging people to avoid the water at tinfddamms of the more
dangerous specie€¢golonet al.2013;De Donncet al.2014). The Medlelly

Risk project, for example, developed a mobile phone application that indicates
when there is jellyfish risk on certain beaches. Success associated with the
applications is also mgorted on their website, as iBsgnominated for a Maltese
communication award in 2014. However, thereag@&nno estimatesr
guantificationsf the benefits thahe App has generatedhe notion of a net
separating bathers fromllydish seems to have traction. V@acontingent

valuation study, Ghermandt al (2015) found that 56% of theurvey
respondentéhe recreationalists on the beaches of Tel Avigjewilling to

donate to schemesmilar to theMED-JELLYRISK projects They also

suggested that investment in public information about jellyfish would mitigate
bloom impactsreferring to theMed-Jelly App and social mediasa valuable

tool, despite the lack of evaluation

To sum up, he literature that describes the imizaaf blooms on tourism are

widely reported, but despite a few examples, specific quantifications of impacts
are still rare (in particular, welfare impacts are still poorly quantified (Ghermandi
et al.2015)), indicating there is scope to develop such insights further.

Evaluation of costs of jellyfish blooms has concentrated to date, on areas that
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geographically have experienced them the most, thus offering the opportunity to
explore the (economic) effes of jellyfish blooms in areas where they may occur

in the futurelnsights on how coast&burists would react to blooms in areas
wheretheyare currently less commowpuld serveas a basis for projecting
guantifications of economic and welfare colisterms of management there is
scope to engage with different beach recreationalist to understand preferences
towards nets, phone applications, social media and jellyfish information signage
in locations where blooms could be future concern to underbtamdo apply

similar projects tagheones reported above. Quantifying socioeconomic impacts

on a consistent monetary scale might also provide indications of how much could

be spent on a management scheme.

2.3 Are Blooms on the Increase?

Since the 1980where hae been increasing reports in both the media and

scientific literature of conflict between humans and bloaraddwide (Lotanet

al. 1993; Pagés, 200Uye and Ueta, 2004; Purcell al.2007), which haded to

a perception that jellyfish are becimg more abundant and that blooming events
are becoming more frequent, spreading to areas where historically they have not
been recorde{Mills, 2001; Purcell, 2005; Licandret al.2010; Lehtiniemet al.

2011; Purcell 2012Forexample Uye and Ueta (2004)escribe that fishermen
fishingin the inland seas of Japaeported long term increasesAnrelia aurita
blooms whichappear to have aelerated in the last 10 years. Other examples of

evidence of increasing blooms can be founiliths (2001) who discusseshe
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role of environmentathange on jellyfish populations, indicating that generally
changes to the marine environment such as increasing temperature, favour
jellyfish; andin Paulyet al.(2009) who describe general populations of jellyfish
using online database®porting a general increase. There mayeversl
explanations for whyhis trend appears to have occurrédrcellet al. (2007),
Richardsoret al (2009)and Purcell (2012kuggesenvironmental and
anthropogenic contributarsuch as climate change which provideaditions

that favour jellyfish(such as temperature inasges), overfishing whictedues
competitionand predation of jellyfishspecies translocatiorutrophication and
increasingdevelopment ohard structures such as windfarms which provide more
locations for polyp recruitmen®ther explanations includecreasing
anthropogenic presence in the oceaaslingto more interactions with jellyfish,
which has resulted in an unsupported perception of bloom increases (&ndon

al. 2012 Condonet al.2013.

However, as eactf these factors increasghe chages of humasiand blooms
interactingin coastal locationgat least in the short termj might be arguethat
thesocioeconomic impactiscussedhroughout section 2ill escalate if the
observed trendare confirmed and human responses are not neddifi
substantiallyCondonet al. (2012) suggest that meditories of increased blooms
(underpinning heightened public awareness of blooms) and reports in the
scientific literature, are naupported given the data currently availableere is

a lack of long term dasgts on jellyfish abundance apatentialbloom increases
is due to practical difficulties of researching thesmedusaaredifficult to

sample because they are fragile (l¢awl. 2006; Purcell, 2009; Richardsenal.
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2009) asvell as them being classed until recently (Sullivan and Kremer, 2011) as
trophic dead ends (Richardsenal.2009). SanaMartin et al. (2016: 1039)

tracked the evolution of the perception of bloom increases in the scientific
literature through acitatome t wor Kk t o reveal that nA48. C
mi sinterpreted the conclusions of the s
an overexaggeration of the trend. For example, within these misinterpretations

there was bias towards increasing jellyfiskmbers, withonereviewbecoming

the main citatiorsource Condoret al.(2012166) suggest that the existing
paradigm of bloom increases needs to be
current and future trendsinerd u s ae 0 wher e data are avai
monitoring the impacts that they hawe ecosystems and society. Mamy00)

publications citeCondonet al.(2012), indicating that robust analyses must

underpin statements about bloom increases, particularly edresidering their

future distributions and the socioeconomic impacts that could be incurred.

2.3.1 Causes of Blooms

It is suggested that physiologically jellyfish respond to favourable environmental
paramegrs by blooming (Purcell, 20123everal studies have tested how a
combination of ocean temperature (Lotdral. 1994; Purcelkt al.2012; Purcell
2012), prey availability (Deckeat al.2007; Lilleyet al.2014) and salinity (Hirst
and Lucas, 1998; Ma and Purcell, 2005; Holst and J&2619) in the marine
environment provides suitable conditions that can supg@aejellyfish

populationgPurcellet al.2007; Purcell, 2012; Collingridget al.2014) Purcell
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et al. (2012) recordedhigher survival and strobilation rates at incregsi
temperatures in a number afy®hozoa species under laboratory conditions
indicaing that within limits bloomscouldoccur at higher temperatures
Correlations between increasing ocean temperatures and increasing jellyfish
abundances has also bewmtedin the natural world (Purcell, 2012), with
seasonal temperatures being reported to influence life cycle patternséLatan
1994). Lilleyet al.(2014) provided evidence to suggest that feeding tates
zooplankton alter survival and ephyrae developnrethe ScyphozoarP.
noctiluca,showing increases in prey at the ephyrae stage of the life cycle is
required, so that enough juveniles could survive to achieve the numbers of adult
medusae associated with blooms. Increased jellyfish presence is alsolyegu
recorded in areas tigh zooplankton biomasshowing opportunism to
preferable conditions (Decket al.2007).The suitability to different salinities

for jellyfish has also been tested to show howffeects life cycles, with
conclusions existinthat it can be a limitig factor in organismal function and
reproduction (Hirst and Lucas, 1998; Ma and Purcell, 2005; Holst and Jarms,
2010).Salinity is therefore a potential barrier trettects environmental
suitability for jellyfish and therefore btums Jellyfish generally show high
plasticity to salinity and this has enabled them to occur in places where other
marine species are limitedich as brackish environmefkolst and Jarms,

2010).

Relating increased bloom facilitation to a combination of these three factors
could thereforggeneratainderstanihg as to whether future bloom increasesa

possibilityand where future blooms magcur (Mills, 2001; Ma and Purcell,
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2005; Collingridgest al. 2014).The information availablen jellyfish physiology
therefore providescope for potentially highlighting locations more prone to
blooms, as well as project if future bloom increases may occur. It must also be
acknowledged that are other factogported to contribute towards blooms such
as wave and wind currents that transport jellyfish congregatiomoicdtised

areas (Mills, 2001)Jellyfish are also reported to be able to survive conditions
that their competiti doweraxygehatipnr(@oddmdt or s ¢ a
al. 2001) andower water pHALtrill et al 2007), enablinghem toachieve
increased numbers of medusae associated with bldteng.structure¢Duarte

et al 2013)such as windfarms (Richardsenhal. 2009) and increaseultrients in
thewater column (Arai, 2001) haxaso been associated with greater
recruitment. Howevethere isgreater uncertaintgnd a lack of quantificatioren
howthese factorsmfluencebloomsof individual speciesnakingassessment and

examination of them on populations unachievable

2.3.2 The Example of North East Atlantic.

TheNortheastAtlantic has been offered as an example of a location where
evidence exists of increasing jellyfish populatidmsan ecological modelling
studybased on continuous plankton recorder (CPR), latandroet al. (2010)
described increased cnidarian occurrendée Northeas@tlantic between 2002
and201Q They specifically suggest that the warm temperate sp&aémyia
noctilucy is benefittingfrom hydrodynamic changes, with ocean currents

transporting thenfrom more southerly latitudeas the NortheasAtlantic, an area

25



Chapter 2 Jellyfish Blooms and their Consequenes to Coastalndustries

thathas experiencedarming in recent decadégettingcloser to temperatures
found inmore southern latitudes whdpe noctluca is most common). Thetudy
suggests that @ombinaton of productive waters in the NortheAskantic and
watertemperaturareincreasng the chances dilooms in the area. With
predictions that th&lortheasiAtlantic will continue to warm (IPCQ013) and
otherhydro-climatic factors that benefit gelatinous medusae will continue,
Licandroet al.(2010)concludethat outbreaks dP. noctilucaand other jellyfish
may become more common than in previous yeactudingin thewaters off the
coasts bBritain. With the exception of a few anomalous events (e.gPthe
noctilucablooms in2007 and 2008 (Doyle, 2008Nprtheasttlantic waters are
yet to report the negative effe¢sich as the widespread stinging events of beach
users (Ghermandit al.2015) and economic cosasthe same level as other
locations such as the Mediterranean (Licaretral.2010) However, if any
increases do occur, the interactions between humans and jgldigions 2.2.1
i 2.2.3 could become more common (Licanditoal.2010) Northeast Atlantic
waters aralsowithin the northern range of a variety of spe@ssociated with
more southerly and warmer watdarg;ludingbloomingjellyfish which are
occurring more frequentiy shelf watergBeaugrand 2009; GrahamHRarrod
2009) and arexpected to continue to expand northwards (Puetell. 2012;
Collingridgeet al.2014).Someattemptsexistto modeljellyfish populationsn
the Northeast Atlantibased specifically othelevels ofthe environmental
factorsdiscussed abov@emperature, salinity arrey availability. One
exampleis Collingridgeet al.(2014) who modelled the suitability of the North

Sea forM. leidyi, to assess if invasions of this ctenopharea possibility in
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responseto thisspeciedeingdiscovered in the North S@athe mid2000s
(Olveira, 2007). Basedn the temperature, salinity and prey levels nioelel

found that large areas were suitable for survival with summer conditions being
suitable for reproduction, citing ocean temperatuctfaod availability as the
main limiting factordor M. leidyi. However,less is known of howmative

jellyfish populatiors in the Northeast Atlantimay react to changes in the
environment such as temperatwalinity and prey abundance and modelling
them in a similar way to how Collingridge al. (2014) modelledV. leidyi
suitability would potentially provide evidence as to whether the perceptions of

jellyfish population increases could have occurred withenlast decade.

Paintinget al. (2014)provided some evidence of native populations by
correlatingenvironmental conditionggmperature, salinity, turbidity, and
chlorophyll level$ against the locations of jellyfidtmsed orbycatchrecords
Presence oCyanea capillatgand to a lesser exteAurelia auritaandPelagia
noctilucg but in lower numbers) appeared to be influenced mainly by suitable
temperature and chlorophyll levels with salinity ranges and lower ocean turbidity
also havinganeffect. Spatial locations of blooms &¥. auritaalso allowed

Paintinget al. (2014 to theorise thalocalised blooms could haveena result of

hard structures placed in the water by man, acting as additional polyp nurseries.
Pikesleyet al.(2014), also highlight the value of citizen science data

increagng theknowledge on spatial and temporal patterns of jellyfish populations
across the UKbased omsighting records submittday citizensto the Marine
Conservation Society (MCS) websitéhey suggest that with appropriatata

collection andnterpretation, public driven records can contribute towards the
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understanding as to whether jellyfish are increasiragspecificarea as well as
understandhe conditionghat support bloomepopuktions. Developing further
suitability models for native and other invasive species in the @ewining
them with sighting data (provided by scientists, fishermen and the public) will
further contribute to the debate as to whether jellyfish bloomsratieeancrease
If they are, the same data gathered could shed light on where and how often
issues associated with blooms could occur iftbgheasttlantic and the

specific locations most suitable.

2.3.2.1Jellyfish of the Northeast Atlantic

Several native species that occur within Northeast Atlantic waters and seasonal
visitors from more southerly latitudean caussocioeconomic impacts to
anthropogenic communities and could potentially bloom more frequently in the
future (Purcelket al. 2007; Richardsoret al.2009; Doyleet al.2007; Licandreet

al. 2010 Pikeslet al.2014).Most ofthese species are Scyphozoa with life

cycles that contain both free swimming medusae stages and benthic polyp stages
(Lucas, 2001). A typical example of aeses with free swimming and dormant
stages iAurelia aurita where sexual reproduction occurs between adult male

and female medusae that produces a planula larva which descends to the sea bed
where it attaches to a hard substrate and forms into a beoti(Lucas,

2001). Polyps then bud and start strobilation (asexually), releasing free floating
ephyra into th@cean thathen develop into adult medusae (Lucas, 2001). The

Northeast Atlantic Scyphozoa with both free swimming and benthic stages within
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their life cycles that were considered in this studyAareelia aurita(the Moon

jellyfish), Cyanea capillatd t he L i on 6 s, Cybnaadtamarkdthel yf i s h)
Blue jellyfish), Rhizostoma pulm(he Barrel jellyfish) and€Chrysaora hysoscella

(the Compas<sjlyfish). However, there are also examples of Scyphozoa found

within the Northeast Atlantic that only have a free swimming medusae stage

within their life cycle such aBelagia noctilucgthe Mauve Stinger) (Moranet

al. 1987; Pikeslewt al.2014), as wll as species that share similar morphological
traits to jellyfish medusae (and subsequently cause similar socioeconomic

impacts discussed earlier in this chapter) such as the Siphonéitymaia

physalist t he Portuguese Ma nfloddidgcddayro) , whi ch
symbiotic polyps that havereeustonic life stylHoldway and Maddock, 1983;

Purcell, 1984).

A auritais the most common of the species considered in this study and has a
wide distribution across the entire Northeast Atlantic (and worldwide) as it can
tolerate a range of environmental factors, including variable temperatures (Lucas,
2001).A. auritais most ommonly found in coastal waters (Doyeal 2007)

with adult medusae typically reaching betweemBcms in size (Hayward and
Ryland, 2008)A. auritafeeds orsmall planktonic organisms which includes

both zooplankton (e.g. copepods), phytoplanktog. @atoms) and larvae of a
variety of marine species groups which includes mollusks, pelagic fish eggs and
crustaceanSullivanet al 1994; Graham and Kroutil, 2003. auritais a

species that is known to undergo vast blooming events in coastabfecathere

it has been known to impact both the fishing and tourism industries, despite
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having a limited capacity to sting humans (Puretell.2007; Richardsoset al

2009).

C. hysoscellas another Scyphozoa that occurs within Northeast Atlantic waters
and has benthic and fresvimming stages within its life cycle; however, this
species is a hermaphrodite, capable of both sexual and asexual reproduction
(Russel, 1970; Lucas, 2000. hysoscellahares some characteristics that are
similar toA. aurita,such as similar medusae size (typical diameter of an adult is
around 30cms (Hayward and Ryland, 2008)) and diet (e.g. reported to feed on
zooplankton, phytoplankton and planktonic larvae of other marine species
(Dawson and Giordano, 2018). HoweVer,hy®scellahas a smaller spatial

range across the Northeast Atlantic (although is known to occur from the Bay of
Biscay to Norwegian waters), as it is most is most commonly found in more
southern regions, particularly to the south of the Celtic Sea, ambegsatmest
waters within the Northeast Atlantic (Doyd¢ al 2007).C. hysoscelldnas a more
pronounced sting thai. aurita, but is not considered particularly dangerous to

humans, causing only mild irritation (Del Negrbal 1992).

Both C. lamarkiiandC. capillatabelong to the Cyaniidae jellyfish and are most
commonly found in more northerly latitudes within the Northeast Atlantic where
temperatures am@ooler,andwaters aregenerallymore productive (Lynaret al

2004; Hayward and Ryland, 2008; Doweal 2007). The Northeast Atlantic can

be considered within the more southerly regions of their range, with both species
occurring in Arctic waters, northern regions of the Celtic Sea and across the
North Sea, altbugh they can be known to occur further south deepening on

conditions and tidal movements (Lynamal. 2004; Doyleet al.2008). Both
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species have a similar life cycleAo aurita(described above) but start appearing
in the spring (compared to all thther medusae considered in this study, that are
at their most common during the summer and autumn months) (Be¢aker

1989; Haywards and Ryland, 2008). Despite both belonging to the same genus
and having similar distributions, there are several morghoab differences
between these two species. For exanplasapillatais larger in size (medusae

up to 2ms in diameter) thah lamarkii(medusae around 30cms) (Hayward and
Ryland, 2008), is more conspicuous and is generally recorded more regularly in
theNortheast Atlantic (Doylet al.2007). Both species are capable of stinging
humans, howevef;. capillatahas a more potent sting (Hayward and Ryland,
2008) and is reported to hawveeracted withanthropogenic activity more

regularly in the Northeast kntic (Purcellet al 2007). Both species have been
reported to have similar diets to the other jellyfish within the Northeast Atlantic,
however, due to its size and stinging capabiltycapillatais able to prey on

larger organisms, including specssmall pelagic fish and their eggs (Brewer

et al 1989).

R. pulmais the othelScyphozoaiellyfish with both free swimming and dormant
life cycle stages considered in this stuRypulmoare the largest medusae that
are found within the Northeast Atitic, particularly when they are found in
coastal locations (howeveg, capillatacan grow to much larger sizes in more
northerly latitudes within cooler, deeper and more productive waters (Naylor,
2018)).R. pulmas most common in warmer waters and N@theast Atlantic is
considered within the more northerly reaches of its range, with ocean currents

bringing it to the south Celtic Sea, southern North Sea and English Channel
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during the summer months (Houghteinal 2006; Doyleet al.2008). Medusae
arebulky and can grow up to 90cms in diameter, which contain stinging
tentacles, capable of leaving mild irritation on human skin (Hayward and Ryland,
2008). Despite its siz&®. pulmas reported to have a similar diet to the smaller

medusae (e.dA. aurita), mainly consuming microplankton (Lillest al 2009).

The onlyScyphozoavithout a benthic stage that was focussed on within this
study wagP. noctiluca This species typically inhabits deeper, pelagic waters due
to it not being constrained by a benthayp stage (Doylet al.2008), but ocean
currents bring them into inshore areas within the Northeast Atlantic where they
are known to impact fisheries, aguaculture and coastal tourism, particularly when
they bloom (Purceket al 2007). This species tgpically associated with warmer
waters associated with more southerly latitudes but is known to occur within the
Southern Celtic Sea and has even been recorded in more northerly regions of the
Northeast Atlantic where it has been responsible for the sleafiarmed finfish

off the costs of Ireland and Scotlaidynamet al.2004; Doyleet al 2008).

Despite being associated with warmer waters, this species shows plasticity to
cooler temperatures and is capable of surviving starvation during times when
sustenance is lacking, enabling it to survive conditions in the Northeast Atlantic
and thrive when conditions become more favourable (Deylal 2008; Licandro

et al,2010; Lilleyet al.2014). Despite having a relatively small medusae

(typically around 10 cm in diameter (Hayward and Ryland, 2008), this species
possesses one of the most postimgs out of the species that occur in the
Northeast Atlantic (Hayward and Ryland, 2008, Licaretral 2010). Like other

Scyphozoa, they prey upon a range of planktonic speciestagmthey bloom,
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are known to apply significant predation pressurécbthyoplankton,

particularly anchovy larvae (Gordeaal 2013; Tilveset al 2016). Due to their
potent stings and ability to digest food extracellularly and intracellularly, they are
capable of consuming multicellular organisms (Morahdt 1987; Lilley et al

2014).

Although not aruejellyfish, P. physali§a Siphonophore belonging to the
Hydrozoa) was considered in this study due to it having a known ability to impact
upon ecosystem services and the general morphological characteristics that it
shaes with the Scyphozoan jellyfish (e.g. marine species with stinging tentacles
protruding from a bell like structure). They are colonies made up of several
different specialised and symbiotic polyps, characterisedgmeamatophorgas
bladder that persis on the surface of the ocean, attached to stinging tentacles
that are submerged underwater to capture prey and a specialised digestive system
(Purcell and Arai, 2001; Hayward and Ryland, 2088)physalids carnivorous,
feeding mainly on small and junige pelagic fish that get caught up amongst

their stinging tentacles, as well as a range of planktonic organisms (mainly fish
eggs) (Purcell and Arai, 2001). It uses the gas bladder like a sail for
transportation, so the distribution of this species isrd@ned by tides and trade
winds, which can result in them occurring in large numbers within the Northeast
Atlantic (Pikelseyet al.2014). It is most likely to occur across the southern

Celtic Sea, English Channel and Southern North Sea during late samde

early autumn, however occurrences are rare (once every few years) (Pétesley
al. 2014), as it is more common in tropical and subtropical waters (Purcell and

Arai, 2011; Labadiet al.2013). The sting of this species is very potent and can
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be fatalto humans (Labadiet al 2013), enabling it to have significant impacts
on a range of anthropogenic activities such as coastal tourism (Laibadlie

2013).

Concern has been expressed in relation to future increases in the occurrence of
these species and the impacts that they could have (Retrael2007;

Richardsoret al. 2009; Doyleet al.2007; Licandraet al.2010; Pikeslet al.

2014), so the followig section highlights an approach to understand and quantify
the impacts that each of these species could have in the event of them blooming

more regularly within the Northeast Atlantic.

2.4 The Ecosystem Services Approach

Ecosystem s er wvlogicakcharaCt&riStys ardrfuactidnsetitat are
utilized (actively or passively) to produce human viek i (Figh&ret al. 2009;
645).The definition states that the services arise from ecological structures and
processes utilized with the fundamental intervention of human capital, either
directly or indirectly (Fisheet al 2009).An example includes ecological
processes such as primgmpduction in the oceans contributing towards the
growth of fish, which is then caught (intervention of human capital) to provide
food for human consumption (Costaretaal. 1997). Aspects of ecosystesisch

as ecological processes asubsequengervicesanthereforebe classed agoods
that have value to humsywhich can beassessed argliantified for a variety of

purposesKisheretal.2009 . Ther efore, t hebridgg udy of

E

bet ween ecol ogi cal and econwmiyocf approac
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impacts associated with environmental change to the value of ecosystems that are
of importance to anthropogenic communities (Costatzd. 2017, p.13). In

other words, ES approaches assess environmental benefits of ecosystems to
human wellbeig and welfare, accepting that humans make up part of the
ecosystemNIEA, 2005, UKNEA, 2011jngramet al.2012) instead of focussing
primarily on either the ecological or the monetaspect of individual ecosystem
services (Costanzt al.2017). ES approaches do not assume a linear
relationship between the environment and the variety of benefits that can be
derived from them, allowing the oftamomplex relationships between the
environment, the economy and society to be measured, specificalijbadesc

how the economy is linked to interactions between human communities and
ecosystems (Costaneaal.2017). Linking human welfare with how ecosystems
function is becoming a common approach towards providing information for
decision makergarticulaty as environmental change is being acknowledged as
altering how humans interact with the natural world (Figted.2009) In fact,
theaimof an ES approach is to repajuantify and value the benefits that people
derive from the natural world (Costanzial. 1997), to provide information and
insights for policy and decision makessipporting them in developing measures
to maintain healthy ecosystems that continue t@ttesociety (Ingranet al.

2012).1t hasbeen argued that for effective management decisegerdingeS

at risk from degradation, the application of an ES approach must encompass all
the complex processes of the ecosystem and all the associated $drerets

that human populations derive from them (Medsaeset al.2011). However,

when valuing changes in ecosystem services and benefits,-Vumsect al.
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(2011) highlight important considerations to be made during the analysis
including taking imo consideratiorthe location of the ES under investigation, and
the issue of double counting ES, which may lead to an overestimation in welfare
values.Sincevaluation is done on benefierived from ecosystenthe

estimation of the value is based on thange of one or few spific intermediate

or final ESthat are valued individual)yavoidingdouble counting (Fisheat al

2009).

The significance of investigating ecosystem services and the benefits they
provide to humans was initially highlighted tvithe publication of the

Millennium Ecosystems Assessnt (MEA) in 2005 that describdmbw wide

scale declines in ecosystems causes, and will continue to cause, negative impacts
on welfare because of the consequent decreases in human ability to derive
bendits from degraded ecosystems. The MEA describes four different types of
services: cultural services (the use of nature for human activity that provides
welfare benefits; this includescreation/tourism), provisionirggrvices

(resource production; e.godd for human consumption), supporting services
(general functions that enable an ecosystem to provide services; e.g. primary
production) and regulating services (benefits gained from process that regulate
and maintain the ecosystem; e.g. carbon sequestiatd storage). As

highlighted by Morse Jonex al.(2011),ES are context dependent and can be
categorised as either intermediatdinal services depending on benefits that are
being investigated (Boyd and Banzhaf, 20&S.are therefore differentam
benefits because it is the benefits that encapsulate changes in welfare, which

require human capital and intervention for such benefits to be gained (Fisher and
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Turner, 2008)The distinctiorbetween intermediate and final ecosystem services
comparedd benefits derived by humans using built and saagpital andhe
four-different service categories within thimrtheasttlantic havebeen investigated

in theUKNEA-FO (2014) andre displayedn Figure 21.

a N N (-
Marine Ecosystem Intermediate Services Final Ecosystem Services Goods/Benefits
Components, e.q. « Primary production « Fish and shellfish + Food (wild, farmed)
« Habitats and species « Larval and gamete + Algae and seaweed « Fish feed (wild, farmed, bait)
+ Sea space supply « Ornamental materials « Fertiliser and biofuels
« Sea water « Nutrient cycling . Genetic resources + Ornaments and aquaria
« Substratum . Water cycling « Water supply + Medicines and blue
‘ + Formation of: ‘ q biotechnology
species-habitat
physical barriers
seascape X . . Hﬁa'thy climate
Processes, e.g. + Climate regulation T + Prevention of coastal erosion
+ Production + Natural hazard c + Seadefence
. Decomposttion protection S + Waste burial / removal /
+ Food web dynamics « Clean water and E neutralisation
+ Ecological interactions - Biological control sediments 3
(inter- and intraspecific) « Natural hazard o
« Hydrological processes regulation = « Tourism and nature watching
+ Geological processes + Waste breakdown and = + Spiritual and cultural
+ Evolutionary processes detoxification g Xel;abeii:gbe -
5 i « Aesthetic benefits
SHRT N + Places and seascapes ; + Education, research
& + Health benefits
\. > 2 .
Supporting Provisioning
Fig 2.1 Classification of ecosystem services provided withinNbeheasttlantic, and how
Regulating Cultural human alteration deriveebefits from these services adapted fitbmm UKNEAFO (2014)

The MEA classificatn is the most widely used arsdvery usefufor providing
scientific data. However, there is a range of different purposes that may need a
different classification as it is accepted that the concept of ES is not a static one
(Fisheret al.2009) For exampleBoyd andBanzhaf (2007) argue that for the
purposes of accountingtandardized ecosystem service yrateh as the
measurement of ecological quantities and prices that can be aggregated are

required. For the purposes of landscapiallace (2007argues that
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identification of the specific point when ecological processes deliver an ES is
required. However,in terms of valuation of ES to be made to inform decision
makersFisher and Turner (2008) stdtet the separation of intermediate

services, final ecosystemrsices and benefits overcomes ambiguiig @.1).

The UK national ecosystem assessment (UKNEA, 2011) is an example of the
application of an ES approach at a national scale for the purposes of valuation.
The general procedure of the UKNENO 1) assesthe services and benefits
provided from ecosystems across the UK and their spatial scales, 2) identify
drivers of change i mpacting the UKOGS
changes to services and benefits provided, 4) suggest responses &nmaint
services if ecosystem is impacted or degraded, 5) value ESbciaini to

wellbeing.A follow on of the UKNEA was piblished in 2014 (UKNEAFO,

2014),in whichthe UKNEA framework was specifically applied to coastal and
marine ecosystemhjghlighting arange of ecosystem services provided within

the Northeast Atlantic from which fisheries, aguaculture andsm derive
benefit(Fig 2.1) Approaches such as the UKNBApealo policy makers

because it becomes clear ttteg concept of E& an anthropoentriconeand
allowsthe ES to be measuradrking within an established economic paradjgm
althoughthe ES approach urgés a conceptual shift in the way natural capital is
conceived and viewedlKNEA is an example of valuing market and roarket
sewvice on a common monetary metric, which is becommoge acceptable

among decision makelk®cause it provides better information on a range of non
market benefits derived from the ecosystem, with approaches monetising them in

a way that is comparable witharket benefits and any management cdsghér
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et al.2009; MorseJoneset al.2011). Such information can have a variety of
applications such as enabling informed decisions about the potential returns from
conserving a resource in relation to costs. (eogv marine protected areas can

result in greater future catches (Sanchirico and Emerson, 2002) or assess the
damage certain activities could have on the environment and the subsequent
impacts on welfare (e.g. human development impacting ecosystem gioaass

the associated loss of servicesl denefits (Wells and Raviliou2009).

Dependingon the ES / benefit under investigation, different economic methods
and techniques can be employed to value a scheme, providing estimates of
welfare benefit used in management and policy decision making (e.g. assessing
whether the benefits of conservingesosystem and associated benefits are
greater than their management costs) (Fishat.2009). Economic values can

be ofuse and ohonuse(Fig 2.2). A noruse value is assigned to godbat may
never be usedirectly andcan include the simple knovdge that an ecosystem
exists. Use values come instead from the direct use of an ecosystem, such as
using a beach faecreation Brouweret al.2013) Thereare a range of different
welfare valuation methodologies of marine ecosystem services availabtamha
include simple accounting of organisms harvested for consumption (an example
includes catch statistic reports for the UK collected by the MMO (see [@ixon

al. 2017a)) as well agetting users of the marine environment to state or reveal
the value otertain services.t8tedpreferencevaluations are based on choices in
response thypothetical scenariosihereas revealed preferencduationsare

based oractualbehaviourfAdamowiczet al. 1994). The different techniques

applied depend on the diffant concept of price and valuerice is a financial

39



Chapter 2 Jellyfish Blooms and their Consequenes to Coastalndustries

measure (Bateman and Turner, 1993) which can reveal the preference of
individuals However, the economic value is a quantification of what someone
will trade (or give up) for a service or benefit (dige or money) that has a
positive influence on theiwelfare (Bateman and Turner, 1993) aaah be
measured by stated preference methodologies. The valuation methodologies

applicable to this studgre summarised in Figure 2.2

Total Economic Value (for this study

Use Value NonUse Value
Revealed Preference Techniques Stated Preference Technique;
i |
Market Prices Travel Cost Contingent
h X
(Chapter 5) (Chapter 6) Valuation

(Chapter 6)

Fish for consumption Recreation Recreation

Fig 2.2Valuation methodology techniques related\tartheasttlantic ecosystems that could be impacted by blo@ddapted
from Eftec (1999

Further information on theechniqueglisplayed in Figure 2.2 relevant to this
study and how they relatearine ESare summarised in Table 2There are
severalaluation methods thabuld be used to value ESeeBrouweret al

2013 and Defra2007 for a revieyy butthe techniques that woultk considered
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to best serve theurposes othis study(i.e. generating an understating jedlyfish

bloomsperception and related magnitude of economic impadtse Northeast

Atlantic) were those reported in Figure 2.2 and Table 2.1

Table 2.1 Tablesummarisingsaluation methodologies of ecosystem services identified as
relevant to jellyfish blooms, adapted from Brouweal (2013)

Valuation | Valuation  Approach Example of Limitation Use in this study
Technique | methods Marine ES
Travel cost Estimate demand Recreation Requires high Value of
for a location basec amounts of recreational sites
onusertravel cost data at risk rom
to access it blooms(see
Revealed Chapter 6)
Market Observechanges  Fishfor food  Does not link  Value impacts of
Price based on market = consumption to user blooms based on
prices of goods anc preference changes in marke
benefits goodssuch as
amount of caught
or harvested fish
(see Chapter 5)
Contingent Ask users to state Beaches Prone to biag Willingness to
valuation  their willingness to not pay for schemes
Stated pay foranES using administered that separate
surveys properly blooms from
peoplealongthe
coastqsee
Chapter 6)

There are somkmitations in the economic methods and techniques that can be

used to value ES / benefits tmatist be acknowledgedde for exampl&able

2.1). Valuations made as part of stated preference techniques are often based on

perceptions of users of the environmevtiich can be subjective and lead to

inconsistent valuations (Costanziaal.2017). Percejon based valuations are

also liable to include inaccuracies or miss informaien biasesyvhen they are
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in response to hypothetical situations. However, revealed valuatbniques,

may not baeferringspecifially to the ES / benefit in questipsincemost ESdo

not have a market, and ace not traded using market pricBsdquweret al

2013. As mentioned aboveheére is not one standard way to assess and value
ecosystem servicewhichcould potentially lead to inconsistencies between
studies of similar locations as well as overlook some of the relationships within
an interconnected system which has led to some mistrust in the in the
methodologies of the approach (Costaetzal. 2017).The techniques (Table 2.1)
allow for the impacts of blooms to be quantified using well established
methodologies, providing information pertinent to the second research questions
(on the magnitude of bloom impacts on fisheries and coastal tourism in the
Northeast Atlantic) and the following section will discuss how they will be

applied throughout the rest of the thesis.

2.4.1 Applicationof ES Approach to Blooms in theNortheast Atlantic

With increased understanding of native and invasive jellyfish populations and the
potential future distributions of their blooms acrossNoetheasttlantic, the
subsequent changes in the environment and the effects on individuals associated
with fisheries and tourism can be conceptualised through an ES appBaectl

on the literature that reports the impacts blooms can have on these activities
(discussed in sections 2.2212.3), the benefits within tHeortheastAtlantic

could potentially be compronad as a consequence of increasing jellyfish bloom

occurrence because they are known to decrease the ability of humans to derive

42



Chapter 2 Jellyfish Blooms and their Consequenes to Coastalndustries

benefit from the marine and coastal ecosystems. Blooms can impact the built
social capital of the fishing industry through bytatecreasing the amount of
target species catch per trawl due to clogging of nets and causing other additional
overheads such as additional fuel moving to unaffected fishing sites (Pa&tnieri

al. 2014 butis less likely to impact the intermediate (peimary production)

and final (i.e. fish production) ecosystem services. Any subsequent impacts could
therefore be measured by applying the general framework of the UKNEA by
investigating the spatial distributions of potential interactions between fishing
vessels and bloonteatmay occur, generate understanding of how bloom
scenarios could alter the way fishing vessels would operate and use pricing
methodologies to quantify any subsequent changes in the market goods such as
catch or base on the cost ofeaéid fishing operations on overheads such as
additional fuel usage or time spent ausealn terms of aquaculture, stinging
jellyfish presence make finfish pens unsuitable for the process of rearing fish as
the final ecosystem service of consumable fish that are either killed prematurely
or made unsuitable for human consumption as they intleging cells that enter
pens (Doyleet al.2008). A similar approach of valuing welfare implications as
described for the fisheries could be applied by identifying farms that could
experiencédloomsfor the purposes ajuantifying any losses in harvestsied on

the market prices of the species they farm in responsésadm [scenarios that

could occurln the case of coastal tourism, blooms become part of the seascape,
Impacting provisions such as clean water for recreational activities that includes
bathing, decreasing the recreational value. Again, the general framework of the

UKNEA (2011)can be applietdy identifying locations that could experience
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blooms and invegjatingbloom scenarios that could cause welfare impacts could
provide decision makers thiinformation that could manage impacts. On this
occasion nommarket benefits could be impacted (e.g. recreational opportunity) so
stated or revealed valuations could measure impact. For example, stated
valuations could be achieved based on how much usersl be willing to pay

for the protection of recreational coast if bloom interaction were tepative.
Contingent valuationseveal the accesslue of a recreational locatidrased on
expenses such &mvelcostsof those benefiting from the locatio The

difference in valuations of beaches that contain blooms and hypothetical ones
that contain blooms would provide indications of welfare impased on benefit
lossesAn ecosystem service approaslitherefore applicable to the study of

future jellyfish bloomincreass because it allowed for the development of
information such as the locations of where blooms could cause impacts, what the
impacts would be, quantifiable indications of the scalaiohsmpacts and the

resources required to maintain benefits that humans derive

Grahamet al.(2014) applied such an approach to investigate potential
socioeconomic impacts of bloom increases in the Northeast Atlantic. Different
ecosystems services (anehefits) impacted by jellyfish blooms were
categorised, following the Millennium Ecosystem Assessment (2005)
classification, into regulating, supporting, cultural and provisioning services in
relation to human welfar@his categorisation allogthresholdgo be identified
wheredifferent levels of jellyfish occurrenaguse tradeoffs and social
adaptatiorfor anthropogenic communitie&rahamet al.(2014) show that

generalwelfarebenefits associated with jellyfisisuch as their contributions
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anequitable climatéor human usgincreasslinearly up until a saturatiopoint
where ndurtherpositive influenceoccurs However,they also show that a
negativempact ha a nonlinearrelationshipwith jellyfish population sizgas
differentthresholdsvere identifiede.g.whenmortality rates in finfish
aquaculture as a consequence of bloom presence alters operatatiaes of
fish farmsor the level of jellyfish biomasalong the costthat triggers decreases
in recreational activity)whereanttropogenigpopulationsare forcedo either
cope, adapt or transfortheir useof the coastaénvironmentThe welfare impact
of large-scalebloomsthat occur regularlyould thereforeoutweighany benefit

that occurs

Focussing specifically on theadeoffsthat arise between jellyfidblooms and

the cultural é.g.coastakecreation associated with the coastal tourism ac}ivity
and provisional€.g. food provisionassociated witthefisheries and aquaculture
activitieg benefitsstated by Grahamt al. (2014) the costsdiscussed throughout
this chapteare investigated under the lensesiokcosystenservicesapproach
which allowseconomic impacprojectionsto be made across the Northeast
Atlantic. Such projections are releuao theNortheastitlantic asthisis anarea
where comparatively less is known about the interactions between people and
blooms. Figure 2.3 is based on the framework of the UKNEA (2011) and
summarises the general stages relevargw@w the influencef potentialbloom

increases on cultural and provisional benefdsoss the Northeast Atlantic
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Identify ES/ benefits derived by
people from coastal ecosystenmn

4 v

Economic Benefits Welfare Benefits

4

Value benefits

4

Construct plausible future
scenario of environmental
change caused by blooms

\ 4

Measure and quantify subseque
benefit changes

¥

Develop policy and
management to maintain any
notential benefit losses

Fig 2.3Stages of an ecosystem benefit valuation approach, applicable to the future interactions that are possible betw
coastal activities in thBortheastAtlantic and future jellyfish blooms.

2.5 Conclusion

To summarisgit can be concluded thttere aranany reports of instances when
fisheries, tourism and aquaculture have been negatively impacted by blooms (as
well as a few reports of when interactions have been positive for humans). Many
of these reports provide estimations of the monetary impactslhasv

suggestions of the welfare issues blooms are known to cause. However, fewer
studies have specifically assessed impacts and subsequent responses of those
affected by blooms to quantify both the economic and the welfare impacts, which
could potentialy provide decision makers with more robust information and
insights to implement the most effective measures to mitigate bloom impacts. A
few of the studies have quantified the socioeconomic impacts by engaging with

coastal users and applied this inforraatto economic data sets, s still
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suggestdthat these impacts remain poorly quantifieddquaculture (Boseh
Belmaret al.2017),fisheries (Knowler, 2005) and tourism (Ghermasidal.

2015). Even less is known about the social implicationscagsd with blooms

due to a lack of quantifications of the welfare impacts that blooms are known to
have. Despite theuggestiorthat blooms are potentially increasing around the
world, including areas that rarely experience them, there appears to menoeab

of projections of the future impacts that blooms could have on each of the three
activities this study is focussing on. Most studies have assessed the impacts to
specific locations after or during a bloom has occurred and there is a need to
project hese impacts due to suggestions that blooms could be expanding into
areas that experience them less. Atgagrt from a couple ofxamples (including

the MED-JELLYRISK scheme discussed in section 2.2tBgre are few

responses and management schemestespior the literature on how to

effectively mitigate the impacts of blooms for diverse coastal and marine
activities. Suggestions have been made, with the most common being forecasting
the locations of future blooms so that certain waters cavdaided,or

management can be put in place in anticipation of bloom emergence. There is
therefore a need to provide quantifications of future impacts that could occur and
suggest how to mitigate any future issues. However, before this can be done, the
debate assoated with future bloom increases needs to be addressed, as some
suggest the trend of surges in worldwide jellyfish populations have been
exaggerated in the media and the scientific literature. This requires further
exploration, by examining which areasuttbsupport blooms in an area

considered to be experiencing bloom increases and project how changes in the
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marine environmental factors (discussedeawtion 2.2.1.) mawfluence jellyfish

populations

Somestudieswithin the literature suggest that the Northeaantic is a location
where jellyfishbloomincreases couldccur and there are a couple of examples

of blooms being mapped in the arelmwever, they do not quantify how

suitability for jellyfish could change in the future and only a couple of species
have been representdthere is therefore scope to addrésse knowledggaps

by mapping the spatial extent of bloom in both the present day and based on
future projections using tHeest dataurrentlyavailable on the environmental
requirement of jellyfish that currentxists(i.e. atwhat level of temperature,
salinity and preyevels different jellyfish suitability occurs). This could provide
output that may challenge the perception of increasing blooms within the
Northeast Atlantic and also provide an indication of the spatial distributions of
future blooms (if it exists) focase study selection of specific locations where
projection of socioeconomic implications can be projected. The review in this
chapter has also considered how quantifiable projections of the impacts of bloom
emergence within the Northeast Atlantic couldeede. An ES approach has

been suggested that can enable the valuation of the financial implications that
blooms could have (e.g. any losses in catch they could cause the fishing industry)
as well as welfare concerns (e.g. loss of recreational opportuthigg are known

to cause). As part of a potential approach a range of valuation methodologies
have been proposed to project the impact of losses of market amadamket

benefits that bloom increases could trigger in that could then be used to assess

manaement and policy options
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CHAPTER 3

METHODOLOGY

3.1Introduction

This chapter outlines the methodological approaches and tools used for this
research, which explores the possibility of future jellyfish blooms in the
NortheastAtlantic andapplies an ecosystem services approadssesshe

impacts and socioeconomic costs that could ofdlooms were to increase

Section 3.2 outlines my research positionality and how it relates to the questions
the research sets out to answer. Treptdr then sequentially presents and
discusses the methods used to generate data pertimerseringeach of the
research questions (outlined@hapter 1). The first question considereidat

existing knowledge of changes in the marine environment rebeat potential
future jelyfish blooms across the Northgt Atlantic, based ateir physiological
thresholdsThe methods required to answer this questiors@issed
throughoutsection 3.3including mapping techniquesittentify the spatial

extentof the locations where blooms of certain species changes could occur and
potentially increase. Softwaselecton (section 3.3), the collection and display

of data representingnvironmental parameters (section 3.3.1) aind

physiological thresholds thatay affectellyfish (section 3.3.2are discussed, as
well as how these were used to analyse the jellyfish populations in the Northeast

Atlantic (section 3.3.3), followed by an assessment of whether these findings
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suggest that bloomccurrenceould chang and potentiallyncreasesection

3.3.4). The methods used to validate this work are then discussed in section 3.3.5.
The rest of the chapténen outlines the methods related to the second research
guestion orthe magnitude of the soegconomic impacteelated to the tourism

and fishing industry in the event of increased jellyfish blooms oenae in the
Northeast AtlanticSection 3.4 describd®w case studiesere selected to assess
the potential future impacts of bloomSections 3.5, 3.6 and 3tfien describe

how social science and economic methodologies were applied to produce
guantifiable projections and valuations of the impacts that could occur for fishing
and tourism in in the event of bloom changes, as well as considerations in
relation to aother activity (aquaculture) that the researcher had had an original
interest in exploring (see section 3.6). Sections 3.8 and 3.9 refer to the safety
training that was required prior to the field work as well as the research ethics.
Section 3.10 then cohmles the chapter by summarising the range of different
methods used as part of an ecosystems services appraaciyeghe impacts

of future blooms in the Northeast Atlantic.

3.2 Research Positionality

Based on my background as a natural scientist, with an intesaminingthe
effects ofenvironmental change on the physiology and distributions of marine
organisms, as well as the exposure that | have had of the social sciences whilst
studying in theSchool ofEnvironmentalSciences at UEA, | would describe my
philosophicakesearclperspective as thaf critical realism.This forms the basis

of the perspective adopted in the research undertaken for this thesis. There are a
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number of philosophicalperpect i ves; more O6objectivebd
positivism maintain that the natural and social worlds exist independently from

human understandings or knowledgeélfmancc an be st udi ed d&éobj
On the other hand, constructivism rests onpiliesspective that the world is

socially constructed and exists only in relation to those whose knowledge is used

to study it. There are multiple other perspectives that lie in between these two,
which are generally consi ddr &d otwa nrgedp r( e
epistemologies) (Bryman, 2015). Positivism tends to be associated with natural
scientists, who may undertake objective observations and records of the natural
world, largely adopting quantitative methods (Guba and Lincoln, 1994).

Construtivism is a perspective more commonly associated with social scientists,
adopting qualitative methods to explore and understand the world (Guba and

Lincoln, 1994). Itis important to acknowledge this diversitp@fspectives and

reflect on which of thesmay represent the positionality of interdisciplinary

researchers, which explore and examine both social and natural phenomena. They
may adopt a critical realist perspective, in which the natural and social worlds are
studied objectively, whilst acknowlenhg the difference between thenmher

research in this thesis examiriesv changes within the natural wofjdllyfish

blooms)may impact anthropogenic activities. It takes an interdisciplinary

perspective adopting a critical realist stance: throughoutgbkearchmeasures

and assessments of changes in natural phenomena (jellyfish) are undertaken
objectively, and quantitative methods are applied to understanding social

responses to changes in the natural world (jellyfish blooms).
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3.3 Jellyfish Suitability Mapping

The initial stagen the valuation of benefits derived from an ecosystem is
defining itsspatial extent andeographic information systems (GIS) are
increasingly being used to achieve this due to its abilitgpoesent data spatially
(MorseJoneset al 201). ArcMap 10.3 (the most up to data GIS software
available at the time of research) was therefore selected to map log@tenmes
bloons could occurand possibly increaseithin the Northeasttlantic. This
software has many visualisation options and a rangealf/seshat can be
applied to environmental data setsich can be used to help understémel
physiologicalresponsesf different jellyfish specieslhe softwarelso allows

for theseparation oénvironmental parameters into individual data layers,
allowing an understanding as to how individual factors influenced jellyfish
dynamics prior to combining them to reveakrallareasuitability. The GlSalso
enabled the quantification pfedictedfuture changes to key parametsush as
ocean temperate, salinity and prey availabilityvhich are environmental factors
thought to influencélooms andvhether they will influence the occurrence of

blooms and possibiacreases.

3.3.1 Jellyfish Prey and of Environmental Data

The responses of jellyfish life cycles and populations to ocean temperature,
salinity and prey availability in the Northeast Atlantic was the focus of
investigations into thpotential bloom occurrencelsie b the literature (reviewed

in chapter?) that reports how certalavels of each factanfluencegellyfish
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populationgrowth. It must be acknowledged that there are other factors that
influence whether a body of water can sustain or influence jellyGphlptions
which includes oxygenatiofbucaset al.2014) pH (Richardson and Gibbons,
2008),nutrient levelgRichardsoret al.2009)andcarbon levels (Pittt al

2013) However, indicatiosof the physiologicathresholdghat dictatevhere
certainpopulationscantheoreticallyoccur (discussed beloygnly currently exist
for ocean temperate salinity and prey abundancehe GIS mapsherefore
focussed oithese parameters exclusivghowever, it must be noted that there

are also knowledge gapssasiated with these environmental factors).

Data layers relating to ocean temperature and salinity were downloaded from the
Met Office Hadley centre EN4.2.0 ocean data se(i®@eodet al 2013) in the

form of NetCDF files. Datéayersrepresented sea $ace temperature (SST) in
degrees centigrade (converted from kelvin), and salinity in parts per thousand
(PPT). The NetCDF files were displayed as raster data layers in ArcMap 10.3
using the multidimensional conversion tool (NetCDF to Rastigsplaying wo
versions of each NetCDF (one displaying the SST and one displaying the PPT)
Data layers contained a matrix of cell8x{° grid resolution) and represented the
average SST and PPT for each month from the year 2000 until 2015 covering
coordinates of 4% to 64N and 10E to 20W. The raster calculator function

(spatial analyst tool: map algebra: raster calculator) was used to create data layers
that display the average seasonal SST and PPT based on the monthly levels that
occurred each year resultinglib annual winte(DecFeb) spring(Mar-May),

summer(JunAug) and autumr{SepNov) averages. Final data layers that

1 EN4 data series publicly available for research online
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represented gear average SST and PPT that jellyfish may experience within
Northeast Atlantic waters during the winter, spring, sumanerautumn were
then calculated from the corresponding 15 seasonal data (agarg the raster

calculator)

Data on planktonic prey availability was obtained from the Sir Alister Hardy
Foundation for Ocean Science (SAHFOS) continuous plankton recoreiy) (C
databas€éqSAHFOS, 2016). The CPR data sets are the most representative of
any jellyfish prey item across the Northeast Atlantic (i.e. they are thereely
availabledata sets that includes the spatial occurrence of a known jellyfish prey
item within the Northeast Atlantic) with samples being cofldatince the year
1931 that routinely analyse around 700 taxa, including an array of zooplankton
and phytoplankton (SAHFOS, 2016). However, the review of the literature in
Chapter 2, revealed a paucitiinformation on consumption rates of certain prey
items by the jellyfish species in this study. For example, no specific
guantifications exist of consumption rates and metabolic requirements of the
majority of species in terms of level of microzooplamktand phytoplankton

(and in some cases pelagic fish species). This lack of data represented a challenge
when endeavouring tefine the spatial extent of jellyfish based on the
environment they experience in the Northeast Atlantic and how suitability
(including identifying locations more susceptible to blooming events) could
change in the future. Howevegme indications exist of the levels of

macrozooplankton that Northeast Atlantic jellyfish consume. Publications by

2SAHFOS CPR tow data is freely available for research purposes, by requesting it from their data
team
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Purcell, (1984), Morandt al.(1987) Fancett, (1988), Brewer, (1989), Perez
Ruzafa, (2002), Purcell, (2003), Flynn and Gibbons, (2007), Leteal (2009)

Rosaet al.(2013) and Lilleyet al.(2014), each provide counts of the amount of
macrozooplankton found within the stomachsad@ltmedusae (the application

of this information within the GIS methodology is describetbw,in section

3.3.2). Macrozooplankton counts within the CPR database were therefore used as
a prey proxy for the purposes of mapping jellyfish suitability distrimgtibased

on the occurrence of one of their main prey items. It is acknowledged that this
approach has limitations and potentially lead to underestimations in the suitability
of locations across the Northeast Atlantic for jellyfish populations as only one
prey item was assessed. However, as aspects of the diet of many
macrozooplankton species overlaps with jellyfish medusae, consuming both
phytoplankton and micraooplankton (Graham and Kroutil, 2001), an

assumption was made that in areas of increased rmpiankton, other prey

items of jellyfish likely occur, resulting ithe CPRmacrozooplankton counts

being used as a prey index.

Each CPR sample represented the numbaramirozoplanktoncounted during
samples takeim 3 of water during 18 km tows at an average depth of 7m
(SAHFQOS, 2016yithin the same coordinates as the SST and PPT datd (@5
64°N and 16E to 20W) from the year 2000 to 20%35,000 data points in total,
evenly distributed across each month of eagdr)y All tow data were stored in a
spreadsheet that contained the date of collection, coordinates and the
macrozooplankton counts at each samphe datawithin the spreadsheeatas

organised and collatdzthsed on thgears the samples were tak&he yealy
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data was then subdivided based on whether the sample was taken in summer,
spring, autumn or winter, consistent with the SST and PPT data [ahers.
coordinates of each sample locatieithin each season over the 12 years of data
werethen plotted in AcMap10.3 based on the GPS coordinates each count was

taken (using the add data and display XY functions in ArcMap).

The aim was to then present the spatial distribution of the prey index in the same
format as the SST and PPT data layers by convertenGBS points into raster

grid matrices (2x1° grid resolution across the coordinate8Nif 64N and 10E

to 20°W). To do this, estimations of the macrozooplankton counts across the
mapping site were required as there are areas that the annual CPR tmt/s do
sample as regularly (in other words, the point data could not simply be converted
to raster data layers in ArcMap using the conversion tool due to data gaps across
the spatial surface). Raster data layers that contained estimations of unknown
macrozo@lankton counts were therefore developed using interpolations, using
the macrozooplankton counts at each GPS locatiorvadués. The two

commonly used interpolation methods that were potentially applicadie w

kriging and IDW (inverse distance weighted} they use known-¥alues (the

CPR counts) and functional weightings based on the distance between known
points to generate raster data layers that contain estimations of the unknowns
across a spatial surface (Sui, 2004). Both methods depend on& bideraw of
geographyas they estimate values based on measurements around them,
assuming points that are closer together are more related (Sui, 2004). Kriging was
deemed to be more appropriate because of the distributions and locations of the

points within the macrozooplanki@ata sets. The CPR is towed by merchant
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ships that use the same specific shipping routes each year, resulting in some areas
within the study areas that are comparatively under sampled. As certain areas had
been sampled more, estimations of some unknevaensgd potentially be based

on an increased number of points compared to other areas that were further away
from the CPR towing routesmpacting accuracyPotentially, underestimations

and overestimationsould occur in areas where fewer points contribuiteithe
interpolation of each raster square. Sissluesvould have been possible had

IDW interpolations been applied, because the methodology exclusively uses the
Z-values and the distances between them to estimate unknown values (Li and
Heap, 2011), whit would have been influenced the sampling effort of the
CPR.Kriging on the other hand, corrects for biases within data sets because the
method applies a semivariogram that calculates spatial autocorrelation between
points with increasing distances fraach other, defining the distance when no
autocorrelation occurs (Li and Heap, 2011). The autocorrelation then determines
weightings that should be applied to unknowns from each of the points depending
on the distances between them, correcting weighgngs to points at locations

that are comparatively under sampled (Li and Heap, 2011). Kriging is similar to
IDW interpolations in that the estimations of the unknowns are still influenced

the most by the closest location sampled, but the weightings ¢gherdhe
semivariogram allow the influence of the number of samples to be considered in

the interpolation and the estimations of unknowns.

The semivariogram is plotted graphically and describes the autocorrelation
between data points based on the dstarbetween them, up until the distance

where no autocorrelation occurs, generating a sample separation point used to
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weight points in the interpolation (Li and Heap, 2011). The method calcthates
squared difference of thevalues of each pair of postdisplaying the average
value between points as distance increases (Matheron, E#3) of theGPS

points and their associateevAalues have unique distances between them and
there are often more pairs than can be plotted. Pairs are therefore comitaned

lag bins and the semivariogram plots the average values within the lags on ay
axis and plots the distance between the lags acrossatkie.XThe semivariogram

is made up bylisplaying the sill, which is the average variance between the
points, the ngget effect, which is the measurement of error between the points
(where the plotted curve crosses thaxys), and the range, which is the distance
where no autocorrelation occurs between points that informs the weightings used
in a kriging interpolationSpecifically, when the distance between the points
becomes greater than the range, they become spatially independent and have no

influence on unknowns within the final interpolations (Li and Heap, 2011).

Initially, the semivariogram associated with the GPS points of thalues

plotted in ArcMap was viewed using the geostatistical wizard (process repeated
for each seasonal annual average set of data pdihtsjlatawas then fito an
empirical semivarigram to act as the function to be applied to the kriging
interpolation There are several different semivariograms that can be applied to a
kriging interpolation, depending on the spatial locations and values within the
point data set. This includes furartis or curves that can be plotted to describe
semivariance such as spherical, circular, exponential, Gaussian and liner
semivariograms (for review of each, condddiutsch and Journel (1992) and Li

and Heap (2011)). A spherical model was deemed approforeatee
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interpolation of the CPR data because for each seasonal set of data points, the
curve that was plottediescribed a gradual decrease in autocorrelation between
points up until the distances that the sill was reached. The curves then levelled
off, highlighting the range where autocorrelation between the points was zero.
Some points were above the model curve whereas others were below, but when
the distances of the points below and above the curve were added together,
similar values were revealed feach seasonal plot. The curves were initially
steep, showing the points that had the most influence on their neighbours (points
neighbouring each other by less thab rhiles depending on the season) that
predictions would be based.ofhe range were nautocorrelation occurred was
between 18 and 20 milelepending on the season

Of the different types of kriging potentially applicable to the data set (ordinary,
simple and universal), ordinary kriging was selected due to the use of a spherical
semivariogam. Ordinary Kriging is the most widely used interpolation method
and due to its flexibility, it can estimate unknowns based on spatial data that
contains trends (in this case the sampling effort of the CPR tows leading to
certain areas within the Northé#glantic containing more CPR data points than
others) that can be displayed as raster layer (ESRI, 2017). The interpolations for
each seasonal set of macrozooplankton counts were completed in ArcMap using
the kriging spatial analyst tool. The input fielés set to be the plots of the GPS
coordinates of the CPR samples, thealiiles were set as the macrozooplankton
counts, the kriging method was set to ordinary, the semivariogram was set to

spherical and the output cell size was set’xd°grid resoluton (the resultant
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data layers from the kriging interpolation are displaged discussed i@hapter

4).

3.3.2 Species Selection and Environmental Thresholds

Selection of potentigkllyfish species for this study (species of the Northeast
Atlantic thatwere sele@d are introduced in Chapter\&as initially based on

their present ranges in relation to the Northeast AtlantitN4® 64N and 16E

to 200W), as well as knowledge that exists on their physiological responses to
ocean temperature, salinitpgprey availability. Candidate species were

identified through a search of species guides of native and invasive organisms to
the Northeast Atlantic (guides consulted were the Hayward and Ryland (2008)
hand book of marine fauna in Northwest Europe, theld\Register of Marine
species (WoRMS, 2017) and the Encyclopaedia of life (EoL, 2017)). Selection
was then confirmed through consultation of studies that assessed the
spatiotemporal ranges of the prospective list of species in the Northeast Atlantic
(seeLynamet al. 2004; Houghtort al.2006; Doyleet d. 2007 and Pikeslegt

al. 2014). The final list of species wAsaurita, P. noctiluca, C. lamarkii, C.

capillata, R. pulmo, C. hysoscebadP. physalis

Each species has minimum and maximum temperature and salinity that they
require to be able to survive in a body of water (Pueteadl. 2001; Collingridge

et al 2014) as well as a minimum prey level (Pureekl.2001; Hanssoet al

2005; Purcelket d. 2010). Within these ranges there are more specific levels of
each environmental factor where reproduction can occur and when reproduction

is not limited by the environment, allowing for high levels of medusae
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recruitment associated with blooming evei@sllingridgeet al 2010).

Correlations exist between a combination of suitable conditions within the
environment and population growth, with growth associated with bloom levels
only occurring when all aspects of the marine environment are not limiting
reproduction between medusae (Collingridgel.2014). To gain an

understanding of how suitable the Northeast Atlantic could be to different
jellyfish species and if bloom increases are a possibility, thresholds were selected
based on what is known aboulh@n survival and reproduction can occur, as well
as the conditions when reproduction is not constrained by the environment.
Below survival, survival, reproduction and bloom (donited reproduction)

were therefore selected as the thresholds in respotise l@vels of each
environmental parameter to assess different jellyfish populations that are possible
across the Northeast Atlantic in the present day and in the future. These
thresholds were influenced by rankings used by Collingredge. (2014), the

only other attempt to give an indication of the potential distribution of a
gelatinous organism within the Northeast Atlantic. Collingridgal. (2014)
modelled the suitability of the North Sea for the invasive ctenopgflaemiopsis
leidyi based on laltudies reporting survival and reproductive responses to
temperature, salinity and prey availability. The categorisations used by
Collingridgeet al.(2014) were adopted for the species selected in this study due
to the similarities between the responskeBloleidyi (survival and varying levels

of reproduction in response to certain environments) and the responses of

Northeast Atlantic jellyfish populations to specific temperatures, salinities and
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prey occurrence that have been reported (Puetall 200L; Bamstedet al.

2003; Purcelket al.2010; Collingridgeet al 2014).

The thresholds in this study were based on the responses to the environment by
the medusae stage of the life cycle, where initial reproduction between male and
females occur (apantdm the hermaphrodit€. hysoscellavhere asexual
reproduction is influenced). However, the importance of the benthic polyp stages
within the life cycle of these species (except for the holoplank&nnoctiluca

and the neustonie. physali$ must be aknowledged. During the benthic polyp
stage, budding and strobilation (asexual reproductive processes described in
Chapter 2 are also influenced by the external environment in a similar way to
how adult medusae respond to certain environmental conditianag, 2001).
However, despite the importance of polyps within the life cycles of several of the
study species, which includes increases in strobilation rates in response to certain
temperatures, salinities and prey availabilities (Pustedl 1999; Maand Purell,
2005; Prietcet al 2010; Holst, 2012), there is a lack of species specific
information on polyp ecology (including how they respond to the environment)
and how they influence jellyfish population dynamics (Bcetral 1996; Mills,

2001). Thdack of studies can be attributed to the inconspicuousness of jellyfish
polyps and the difficulty in identifying each species by their polyp (Pitt, 2000).
The lack of species specific information on the conditions that influence the
polyp stages of the Bfcycle meant that it was not possible to incorporate them
into the assessment of locations where blooms could occur more regularly. It
must be acknowledged, that the lack of polyp specific data is a limitation and

future research should aim to address kmowledge gap.
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In this study, initial indications of spectgspecific responses to the environment
that could act as physiological thresholds were collected from the ocean
biogeographical information system (OBIS) that provides species records and
condtions of the ocean the species of interest occur in (all data available at

http://www.iobis.ord. The maximum and minimum temperature and salinity

levels that each species had been reported to occur in (and thebédaie a

survive) in the Northeast Atlantic, presented in OBIS were set as the initial
survival thresholds for each species. Any temperature or salinity below or above
this was assumed to not be suitable for Northeast Atlantic jellyfish and was set as
belowsurvival for each species. The temperature and salinity levels where
increasing numbers of each species occurred were then used to select the
reproduction and bloom thresholds. Two levels of jellyfish occurrence above
survival wereavailable and thresholds were deduced from data (displayed in bar
charts) presented by OBIS that displayed the temperatures and salinities that
certain population sizes of each species occurred in. The first level presented
were temperatures and salingti@here increased numbers of medusae associated
populations within their natural ranges occur. An assumption was made that
reproduction was occurring in these populations and the corresponding
temperature and salinity was set as the initial reproductreshbld for each

species. The second level was the temperatures and salinities when highest
numbers of jellyfish have been reported to occur (including bloomed populations)
and was set as the bloom threshold for each species (the specific derivation of
eadt threshold and the specific value for each species from OBIS is presented in

Appendix A, Table A).
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The initial OBIS thresholds were then compared with specific thresholds that
laboratory studies determined differing survival and reproduction rates could
occur for each species. A literature search was conducted (by typing the species
of interest, the environmental parameter and the threshold into search engines
(web of knoAuteladuitag c e &n gt.emper ature suryv
determine at what leVef each of the three environmental factors that survival,
reproduction and uninhibited reproduction (associated with blooming) is possible
for each species, to determine the physiological thresholds of jellyfish species
presence in relation to the OBIg¢sholds. Specific temperatures and salinities
that were reported to be where reproduction rates associated with survival,
occurrence of natural populations and bloomed populations in each study were
compared with the initial thresholds collected from@®S data sets. If there

was disagreement, the OBIS threshold was adjusted to the threshold reported in
the study that specifically tested survival and reproduction rates for a specific
species. In some cases, species specific studies were not availglile (

lamarkii), and the OBIS threshold were used as the final threshold. The full list of
papers and the specific contribution they made to the final threshold compared to
the OBIS data sets (whether they confirmed or changed the threshold) are

displaya in Appendix A, Table B.

Due to a lack of species specific information in relation to the prey requirements
to set thresholds for several species (discussed in section 3.3.1), an assumption
had to be made that species of similar sizes and life cyclssma@nsimilar levels

of planktonic prey. Medusae were therefore grouped by size, using the general

assumption that species with larger medusae have different prey requirements to

64



Chapter 3 Methodology

smaller medusae. The assumption was based on the difference in predation
between different groups of medusae noted by Costdlil. (2008) where
morphological features such as bell structure and size influences different
swimming methods and therefore hunting techniques. gLy, jet propulsion
associated with small@rganisnsand rowing propulsion associated with larger
medusae (a more common characteristic in Scyphomedusae), influenced prey
selection, feeding techniques and trophic roles within ecosysigmisally, the
larger rowing species can predate a greater amodniage of prey items,
allowing them to reach larger sizes. Colin and Costello (2002) report specific
differences between oblate and prolate medwshere fluid mechanics and
swimming ability influence the sizamountand type of prey captured. Prolates
are generally smaller and swim by jet propulsion whereas oblates continually
contract their medusaaswater topasgsoverthem enablingmovementhrough
the water viaarowing motion These swimming methods influence prey
selections as the larger afiatter medusae that swim via rowing, create vortices
of water that bring prey into tirefeeding apparatus like a net (Costello and
Colin, 2002), enabling them to catch large amounts of prey without the need to
movethrough the water in an energeticallkpensivemannerMchenry and Jed,
2003).The prolates that swim via jet propulsida not combine swimming with
predation captuing preyduring periods of drifting, where they use outstretched
tentaclego capture prey itemg hey are therefore capableanionising areas
quickly due to their rapid movements la#nnot capturpreyas efficientlyand

do not grow to the sizes of the oblatesli®dhry and Jed, 2003pifferences have

also been noted between Scyphomedusae of different sizes by Purcell (2003)
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when comparisons were made of the top down controinaglia sppand
Cyanea capillatanedusae exert on planktonic communities (in the Gulf of
Alaska) providing evidence (through stomach content analysis) that larger
medusae consumes higher levels of @efaster rates, having a greater

ecological influence per individual medusae.

Two key studies that assessed stomach contents (macrozooplankton counts
consistent with the CPR data sets) and prey consumption associated with
different population sizes @f species with large medusae (Fancett, 1988) and a
species with a typically smaller medusae (Lil&tyal.2014) provided the most
representative indications of the prey index thresholds in relation to populations

of different types of jellyfish. The snat and generally shortéived species

were grouped together and contaidedhurita P. noctiluca C. hysoscellandC.
lamarkii, with thresholds based on the findings of Lilketyal. (2014) where
macrozooplankton counts within noctilucamedusae wermade. The second

group was larger and generally londgiged species that comprised Rf pulmg

C. capillataandP. physalisand their prey index was based on a studifdnycett,
(1988) on the stomach contentdbfcapillatamedusae from differing

popuktion sizes. Thresholds from the texts that had counted the stomach contents
of the smaller jellyfish species and large jellyfish medusae were used as
approximations of the sustenance requirements (and set as a prey index) for each
species where survivahd varying levels of reproduction can theoretically take
place (see appendix A, Table B for the specific contributions of the two key texts
to final threshold for the larger and smaller groups). However, some more

specific stomach content reports exist higsessed a single physiological
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response that enabledrse speciespecificthresholds to be derived. Alterations

to individual thresholds from the original groups for specific species were
therefore made (see appendix A, Table B for the individual contributions of each
study to the final thresholds form the original groups). dtnnts reported in

these studies were consistent with the CPR counts and therefore used as a prey
index that gave an indication as to how jellyfish populations could be spread
across the Northeast Atlantic in relatiorstestenancavailability and how dom

risk could change in the future, accepting that it is likely that underestimation of

bloom suitability could have occurred due to the data gaps that currently exist.

3.3.3Methodological Steps of the Mapping

To develop a sergquantitativemaps / assssment tool, of locations that could
sustain blooms, the three raster data layers repres&8ihgPPT anthe prey
indexwere reclassifiedArcMap: spatialanalyst tool: reclassiffhased on the
physiological thresholddeterminedor each specie§ his methodology
producel representations of their potential population dynamfasach species
in the Northeast Atlantic in terms of eaghthe threeenvironmental parameter
Each raster squarepresenting the environmental conditions at a locattmn
thethreedata layes wasgiven asuitability ranking within the limits of the
physiological thresholds (final thresholaiedisplayed inChapter 4section 4.2)
of eachjellyfish species.n other words,fithe conditions in a raster square were
below the survival threshold for a species, it was assigned a scOréf diie

conditions werebove the survival threshold but below the reproduction
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threshold it was reclassified as 1, if conditions were abovsuitvevalthreshold
butbelow the bloonthreshold it was reclassified as 2, and, if the conditions were
above the bloom threshold, it was reclassified as ®ng as survival could still
occur(process visualised in Fig 3.1his process was repeated for all pecies
for each of theéhreeenvironmental parameters encompassing the four seasonal
layers. For each species, twrespondingST, PPT and planktandex
reclassificatios for each seasonereall overlaid andoverallsuitability scoreat
each raster square was assigned usiagrtinimum cell statistics tool (spatial
analystscell statistics) The lowest suitability ranking from the corresponding
raster squasewithin the overlay wasidplayed in final data layetue to the

lower ranking of jellyfish suitability that waschieved.For example, two
environmental parameters within a raster square could allow for blooms but
blooms would not be possible if the third parameters only allowed for survival.
Overlaying the reclassificains in this way aimed to avoaerestimationf a

location could sustain a bloom.
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Value | Reclassify| Thresholds
as
1-3 0 Below Survival
4-6 1 Survive
7-9 2 Reproduce
3
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Temperature Salinity Prey Index Final Layer
Reclassification Reclassification Reclassification3

Figure 3.1Visualisation of how the ArcGIS tools reclassify and overlay raster data layers. A) The raster data layer reclass
methodology that was repeated for each environmental paraiftetezxample shows how varying levelsl(l) of a hypothetical
environmental parameter and how responses to that parameter of a jellyfish species was visualised using the reclassific:
on the thresholds collected in the literatuBd. The minimum cell statistics overlay of raster dd#aw reclassifications of
temperature, salinity and prey index data layers were overlaid and displaying the minimum suitability that would occur
below survival, green = survival, orange = reproduction is possible and blue = blooms are a possibility.

3.3.4 Future Jellyfish Blooms

As data sets that projettiture PPT andhe preyindexthat can be incorporad
into the GIS methodology dwot exist along with future SST Projections to assess
if jellyfish will bloom, a sensitivity analysis of the preseday data jellyfish
suitability layers was carried out. The sensitivity analysis aitoddghlight how
jellyfish suitability would changeas a result of hypotheticalncrease and
decreases the three environmental fagts (SST, PPT and pregdeX. To test
sensitivity, Wwo separate versions of the original environmental data layerns

created, showing how suitability scores changed v@feh, PPT and premdex
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layerswereincreasedr decreasedsing the raster calaitior. The resultant data
layers were then reclassified based on the physiological thresholds of each of the
jellyfish species. From the resultant layers, the percemagesaseand decrease in
suitability assignment of raster squares for each speciestfreroriginal data
reclassifications were plotted in a tornado grégisplayed in Chapter 4)he
tornado graphs visualised subsequent changes to assignments of below survival,
survival, reproduction and bloom for each specieighlighting how future
changes to each environmental parametauld influence jellyfish populationa

the futureand reveal anincreass in raster squares ranked as bloom.

3.3.5 Validation

Consideration was required as to whetherdheere anynteractionsetween the
threeenvironmental data setisat could potentiallynfluence jellyfish suitability.

If specific locations were identified where the relationships between the
environmental factors had the potential to alter jellyfish suitabflityher
considerations othe spatial location oblooms in the present day and the future
could be madeEachcorresponding seasonal raster layer representintpribe
environmentaparametersvas converted to point data (conversion tool: raster to
point) representing the centre @&ch raster squarPata points were then
exported intdExcelspreadsheets and the conditiaheach point froneach of
thethreeenvironmental data layers were plotted against edwdr ot scatter

graphs.
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As the preyindexdata layers were created éstimating plankton levels using
ordinarykriging interpolations of pint data, and variability igearly abundances
was expecte@Colebrook, 1978; SAHFOS, 201&) cross validation of the data
layers was carried out. Tloensideration obveror underestimations within the
planktan countinterpolations based on data availabisywell as highlight how
annuafluctuations could influence bloom&rossvalidations were conducted by
interpolatingrandomly selected sub samples fr83@%o of theoriginal CPRdaa

for each of the four seasons during each of the 12 years the data encompassed
Estimations of spatial lodans of plankton levels fronmterpolations of

subsamples were then compared with the original seaglamkiton abundance
layersthat usedll the original CPR data.he annual interpolations of the
seasonal sub samples and the original data sets were converted to point data
displaying the average plankton abundances in each raster square. The plankton
estimation points for each layer was thepa@xed into &SPSSspreadsheet and

the average estimation of plankton abundances for each year was calculated.
Paired ttest quantified any significant difference between the plankton
abundance estimations using 100% of the data and the randomly se(®éted 3

subsampleg¢findings presented i@hapter 4section 4.5).

Validation of the locations and times of year jellyfish may occur in the GIS
output were conducting by comparing them with actual jellyfish distribution
records. This was done bigveloping aepresentation of the conditiomghen a
bloomwasactuallyreported to have occurréathe Northeast Atlantiaising the
environmental raster data s€fseP. noctilucablooming event that occurred

throughout the Celti€eain 2007 (Doyleet al. 2008; Licandrcet al 2010)
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(discussed in CGipter 2 was selected as the existing empirical example. The

SST, PPT and planktarountsfor the summer and autumn of the y2a07were

displayed to represent the conditions when the bloom occurred. The 2007
environmental data layers were therlassified based on tife noctiluca
physiologicalthresholds and the resultant layers were overlaid using the

minimum cell statistics toollhis process was then repeated for the summer and

autumn of the year 2000 whan blooms of. noctilucawere reporteat the

start of the three environmental data s€tsmparisons of the frequencies and

|l ocations of any raster squares assigne

how effectively the maps captured blooming evergs (Shapter 45ection 4.8).

3.4 Impacts of Future Blooms

Following the GIS mapping phase of the work, geographications were
identifiedbased on the spatial and temporal distributiorjslbffish blooms
indicated by the GIS maps; a particudiacus was on locationsith major fishery
harbours and seaside towns where high levels of coastal tourism occur. Potential
aquaculturdocationswere also considered (seection 36) although this strand

of the research could not be accomplished, as imguldelow. Acase study
approach was adoptetthis provides more depth in the understanding of the
specific interactions with jellyfish in pacular settings and locations. However,
the value of the case study approach is contested in the social scieoce

argue that case studies are very particular, serving mainly to elicit hypotheses,
and that findings from case studies are not generalizable. Proponents of the

approach argue that-ohepth knowledge from a case study can be very valuable,
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especiallyif properly undertaken, whilst acknowledging that larger samples are

essential for acquiring broader understandkigvbjerg 2017).

In this thesis, a case study approach was selected to examine how changes to
ecosystem functions and services would iatgaoups using the marine
environmenin the context of the UK and the Northeast Atlandipplying some

of the conceptual work undertaken the Mediterranean to the Northeast
Atlantic. Understanding the effeatsone location would give anitial

indicationif blooms, possibly more regular, would altiee benefits derived from
marine and / or coastal ecosystem across the Northeast Atladtighether

other locations should béuslied. However, it must be acknowledged that the
case study approactoeslimit the potential foreplicability and benefit transfer

of the findingg(Bryman, 2015)the implications of this are discussed in the
socioeconomic results chapters (Chapters 5 and 6) as well as the final discussion

at the end of the thesis (Chapta.

Three case studies were originally selected, based on understandings of how
coastal areas, and infrastructure, and marine industries are and may be affected
by jellyfish blooms (see Chapter &)coastal locatiowith high seasonaseaside
tourism a major fishery harbowandareas ofinfish aquaculturgall in areas of
increasedsuitability for blooms (by the highest number of spe&m®®svn to
negatively impact thesactivities CasesYin, 2009) wereselected out of the
locations that coincided i greater future bloom suitability in GIS. Selection

was based on secondary data (data pertinent to each anthropogenic activity is
discussed in section 33%€7) indicating whether a location might include

activities that may experience welfare impactsfiellyfish blooms (i.e. the
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most visited seaside tourism destinations providing a greater range of recreational
activities or the largest fishery harbours withiggervariety of vesselsfishing

gear).

To collectthesedata, a survey approach wasplied, toengage wittpeople

associated with fisheries, aquaculture and tourism. Surveys were deemed a
suitable medium because thajowed for data collection directly from those

who might experience alterationstiee marine and / aroastal ecosysteand the
services that they provide in the event of blooms (Bryman, 20b8&)surveys

ai med to generate an understanding of
jellyfish blooms, if any, and how they envisaged changes to the way they interact
with the mame and / or coastal ecosystem and their actions in responses to future
blooms; these were used to generate quantified projections of potential
consequences, in the forms dftandardised quantification of the value tisat
placedon themarine and / or @stalecosystenunder norbloomed conditions;

the data collected also enable understanding of the impacts if blooms altered

the waypeoplebenefit frommarine and / ocoastal ecosysteservices

However there are some limitations of this methbdtrequire

acknowledgement. Although surveys can be structured to allow a combination of
open ended and closed responses (Bryman, 2008), often closed responses are
considered preferable as they retain consistency among responses. Aithough

can be argued th#tisincreaseshe accuracy of the data collected, it presented

an issue when considering future jellyfish populations in the Northeast Atlantic.
This was because bloom responses in the area are poorly understood, and survey

guestion had to be open endedccount for a variety of issue that could have
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been reported, potentially impacting the accuracy and depth of the information
that could be gained about specific mechanism and responses to bloom future
blooms and bloonmncreasesAdministering the surweface to face also requires
ample time and resources compared to email or phone surveys, which can affect
the quantity of data collected. However, such an administration method was
deemed appropriate and necessary for this research due to visual asjhects o
survey (use of flash cardisplayed in Appendix C and)Dequired to present
respondents the same hypothetical bloom scenarios. The following sections
discuss how the surveys were designed and administered as well as the analysis

at each case study.

3.5 The Fishing Industry

The GPS coordinates of harbours containing commercial fishing fleets were
extracted from the most recent (at the time of research) Marine Management
Organisation (MMO) report into fisherisgatistics ¢eeElliot et al.2015).

Harbour locations were plotted in GIS and overlaid onto the maps that dictated
where large jellyfish populations could occur (Chapter 5 sect@)nPBotential

case study sites were selected based on which GPS points coincided with the
highest aveage raster square rankings of suitable areas for jellyfish. Several
locations were highlighted by the overlay and final case studies were narrowed
down by ranking them based on factors that made them more suitable for this
study using MMO (2017) fleet datBlarbours were ranked based on the size of

the fleet and fishermen numbers. Locations were selected based on the number of
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fishermen, range of fishing methods and fish biomass landed, with the purpose of
selecting harbours with a greater variety of po&tmarticipants to the study.
This resulted in the harbours of Brixham and Newlyn being selected as the case

study locations (discusséartherin Chapter 5section 5.2).

3.5.1 Survey Design and Administration

Following case study selectigpgtential economic and welfare impacts

associated with future blooms were investigated with fisherfolk ndi-se

structured survey (Appendix)@vas designed to elicit information and data to
quantify any costs associated with future blooms based on prexpasences

of jellyfish, similar in nature to the impacts blooms are known to cause in the
present day based on existing studies (damaged nets, displacement effort,
bycatch, injury from catch). Then, respondents were asked to envisage future
interactionswith jellyfish blooms using different types of fishing gear and

consider how they would respond to such conditions. The survey was subdivided
i nto four sections: (1) the fisherfol ko
blooms couldncrease(3) previas experience of jellyfish, and (4) responses to
future bloomincreasesThe development of each these four secttvesy upora
survey for fishermen about jellyfish blooms existing in the literature: Palgtieri

al. (2014) interviewed fishermen in the Aaliic, who experience regular blooms

on an annual basis, to understand how blooms interact with their operations and

any associated economic and welfare costs (discussed in section 2.2.1)
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The survey sections are outlined below, with an explanation osbave
guestions from Palmiesat al (2014) were adapted for the purpose of this survey,
specifically for data oimmpacts in the event of bloom increastie urveyis

displayed in Appendix

1. SectionA elicited information about the respondents andigieng fleet
that they belong tcadapted fronthe equivalent section in the Palmieti

al. (2019 survey

2. Section B included questions abaostsincurred in norbloomed
conditions that are similar in nature to issues blooms are known to cause.
Questions were based on the findingpmaviousstudies that have
described how fishers interact with blooms, quantifying costs in locations
where they areurrently more commorPurcellet al.2007; Palmieret al
2014).0Open ended questions on present day costs were also intbuded
enable elicitation of information that is potentially exclusivédbing
fleets in the Northeast Atlantidccessing theif sh er mendés knowl e
provided insights for baseline costs associated with issues that blooms
could trigger and how they would compare with any future costs

associated with bloommcreasegelicited in Section D)

3. Section Caskedrespondentabouttheir previous experiences of jellyfish
to gain qualitative insights as to whether jellyfish presence has been
perceived to be increasing or if anomalous blooming events have occurred

occasionally based on experience of those who fish in these waters.
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4. Section Daskedrespondents to picture future hypothetical ocedamsre
blooms of differenspecies occur more regularijhejellyfish were
grouped based on similar morphological traits so that specific potential
interactions could be discussed. The fowacéps categories were the large
stingers P. physalisandC. capillatg), the small stingerd?( noctiluca C.
lamarkii andC. hysoscellg the large nosstingers R. pumo) and the
small nonstingers A. auritg). Respondents were shown flasdrds that
informed them about the morphological features and bldwaracteristics
of the species that belonged to each ofgtmips(Appendix G Section
D) and aset ofthreequestions were then asked about each group. The first
guestionenquired whether respondetitsught a group of speciesn
impacttheir fishing activitiesf they bloomed|f yes, respondents were
asked tadescribe how they envisaged blooms interacting with their
fishing operationsThe final question then enquired abaations they
would takein responseo such interactions and bloom presence in their

fishing grounds

Drafts of the survey were piloted with local fishermen based across East Anglia.

The first pilotwason 30" November 2015 with a retired fisherman; a second re

draft was pilotedn 2 December 2015 with two fishermen with experience of
working on commercial vessels who now targeted shellfish using pots and creels.
These pilots helped to review technical aspects of the questions based on the
respondent s06 e Xiyiegquestores that werewacledr. Taedinalc | ar
surveys were then administered face to face with fisherm@rixdam and

Newlyn harboursinterviews were conducted betweer"Zanuary 2016 and %7
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February 2016 at the two study sites while fishermen weltee harbour area,

often working on the boats while they were moored. Surveys were also

completed with fishermen in pubs and cafes situated next to the harbour during
their leisure time and no sea days. The fishermen who participated in the pilot
studiesalso introduced me to potential respondents for the final surveys via social
media (twitter). Social media (twitter) was therefore used to organise meetings
with respondents and get into contact with other fishermemptbhaious

interviewees in the finatudy suggested would participattowever, there were
difficulties accessing fisherfolkhese difficulties included finding respondents

who were available to complete the survey. This occurred because many of the
respondents did not live in Brixham aNeéwlyn and were very quick to leave the
harbour area once work was complete, meaning that being in the harbour at a
time when these fisherfolk were available and able to participate in the study was
a challenge. As surveying commenced in winter, there a@rasions (often

lasting a few days at a time) when the weather conditions forced there to be no
sea days. During these periods, the harbour and surrounding area often contained
no potential respondents, particularly as many of them did not live inwims to

and had no reason to be there. An additional challenge was successfully getting
fisherfolk to participate once approached. Survey rejections occurred regularly
with several reasons given that included respondents being too busy, uninterested
and had amistrust of scientists. Due to these difficulties, further potential
respondents were approached in the harbour. It is acknowledged that this could
have led to biases in the type of respondents approached as the security cameras

only covered the inndrarlbour butwas necessary due to difficulties in accessing
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fisherfolk. Upon completion of the field work, the responses were analysed.

Findings are presented in Chapter 5.

3.6 Finfish Aquaculture

Potential aquaculture case study sites were identified on an exploratory basis,
based on how their GPS locations matched with potential bloom locations within
the GIS maps produced. The locations of aquaculture pens were gained from
records available froriMarine Scotland (2014). Scottish finfish pens were
focussed on due to the high levelsydrineaquaculture present in the region and
reported interactions with blooms (Doyéal 2008). A semguantitative survey
similar to the one for fishermen was ééped and consisted of the following

four sections: (1) aquaculturist background; (2) costsvefheads during

blooms; (3) previous jellyfish experience; and (4) costs arising from dealing with
future jellyfish bloomsThesurvey was discussed informallyth key actors

within the industry who provided further insights on some of the technical
aspects of the questions and suggested potential requirements of the industry in

terms of jellyfish bloomsleading to improved rdrafts

However, it became cle#énat practical consideratiomadto beconsidered
includingadministering the survey remotdly.g. online) as visiting finfish pens

was deemed not viable as they are vastly spread out. Furthermore, from
conversations with key actgimportant sensitiies within the sector emerged,
including concerns and other commercial constraints, which significantly reduced

the opportunity to carry out this part of the researchetbee bringing ito an

80



Chapter 3 Methodology

end For such a survetp be administeredjoodworking relationshipswith the
aquaculture industrgeed to be in placé&orexample Kintner and Breirly,

(2018) were abléo recruit aquaculture participarits athreeyearPhD study

that identifiedbloominghydrozoarspecieghatimpactScottish aquaculture.
Weeklydeployments of plankton towsere permitted withinhe watersof
participating farmandsamplesdentified hydrozoarspecies that would be
expectedo bloomand the sasons when bloom risk is greaté3ased orthe
seasonality of blooms of easpecies, rislassociatedavith pathological
conditionsthathydrozoan presena@ancausdn farmed salmoifincluding

medusae acting as vectors of dis¢agre statedEconomic impacts associated
with mandatory culls of populations of infected salnconldthen madeBosch
Belmaret al (2017) were also able to quantify the economic costs of blooms on
marine aquaculture sites across the Mediterranean thfacgto face and
telephonesurveys with impacted aquaculturists. Suggestions on future work with
theaquaculture industrio identify potential risk in the event 8typhozoan

bloom increases in the Northeast Atlarare therefore recommendedChapter

7.

3.7 Coastal Tourism and Recreation

Identification of a location associated with coastal tourism as a case study for
bloom impacts was undertaken in a similar manner to the selection of the fishery
harbours. The locations of coastal towns and cities whose economy is reliant on

tourism (criteia described below) were plotted and overlaid onto the jellyfish
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GIS maps using their GPS coordinates. Given that seaside towns typically have
infrastructures geared towards tourism and have a long history of coastal tourism,
this is likely to continue ito the future (Beattgt al.2010) It was decided that

the seaside town that was closest to the highest suitability for jellyfish (i.e. which
coincided with the highest raster square rankings of the greatest number and
variety of species in the GIS mape¢€ section 3.3)) would be selected as the case
study area where the surveys would be conducted. However, due to the GIS map
area containing many potential study sites case study selection was refined using
also data on employment, economic output, locadiod trends of the seaside

tourist industry in England and Wales as reported in Beaty (2010). This is

the only report that specifically assessed, at the time of writing, economic trends
within individual locations and provides consistent indigatiof trends at

specific locations as opposed to general regions (which is the more common
approach for seaside tourism trend reports and visitor surveys). Beattyd s

(2010) estimation of trends is based on job figures in seaside towns and cities
using official statistics (based on the Department for Communities and Local
Government seaside economics reports) on the industry as a basis to estimate
economic output by categorising employment trends and how they relate to the
tourism industry. Principalesside towns are defined by Beadtyal. (2010: 15)

as fAplaces with a population of at | eas
significant component of the | ocal econ
tourism, in the same way as the locations inMleeliterranean that have been
reported being impacted by jellyfistooms andvere locations where large

groups of coastal users may-aocur with future blooms. Therefore, the principal

82



Chapter 3 Methodology

seaside town with the greatest visitor numbers and ratesigmbased

employment presented by Beatityal. (2010) that tailored with the greatest

jellyfish suability (as defined on the previous page) was chosen as the case study
site; this was the Cornish town of St Ives. An extended description of the area,
and further justification of why it was selectedlas final case study, are

reported inChapter 6section 6.2.

3.7.1 Survey Design and Administration

The cultural services (e.g. recreation) provided by coastal and marine ecosystems
to seaside towns are different from the provisioning servicesféedfor human
consumption) provided by wild and farmed fish; the impacts of jellyfish blooms

on these types of ecosystem services can be comsidéferent(Purcellet al

2007;0ztirk,a n d K k2010jGhermandet al.2015).

A survey was desigd to investigate recreational activities and impacts from
jellyfish on coastal tourism (Appendix)Pand therefore followed a different
structure to the one designed for the fisheries surveys. However, the main aims,
understanding the responses of stalagrs to hypothetical future blooming

events and associated impacts, were similar. The structure of the survey was
based on three main sections, with a fourth section to be completed when
respondents had concludixd three parts (see AppendiXd@ the ful set of

guestions that were asked):

1. Section A focussed on respondent so

activities they engaged in, questions on how far they had travelled to get
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to the location, and how important various aspects of the coasts were to
them. The aim was to generate an understanding of the range of different
recreational users of the coasts that could experience bloom increases.
This also enabled quantification later (using a travel cost métked

Section 3.7.2) of how much the locatigrnvalued based on respondent

travel expenditure to access it; to estimate travel costs, survey questions
included respondent sdé postcodes and
guestion asked how respondents would (alternatively) recreate in the event
of beah closures (at this stage blooms had not been mentioned). This was
a relevant question as, later on in the survey, one scenario presented is
based on the knowledge that blooms of certain stinging species are known
to cause beach closures (Rosenthal, 2B@8jottini and Pane, 2010; De
Donnoet al.2014 Ghermandkt al.2015 andunderstanding how

respondents would recreate in the area if the beaches were no longer
available would give an indication of the impacts if this were to occur.

2. Section B aimed to understand respon
knowledge of the jellyfish species mapped in GIS. This included asking
respondents about jellyfish word associations (examples of words that
were given included negative phrases sucstiag and positive phrases
such as beautiful), describing any previous interactions they had had with
the jellyfish, but also asking respondents to identify species they were
familiar with / were capable of stinging using flash cards. Gaining
qualitative nformation about tourism and jellyfish allowed for

consideration of what could influence future responses and management
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of hypothetical future blooms as they contributed towards the cost
scenarios which are displayed in Chapter 6, section 6.5.

Respondestd6 vi ews on increased jellyfish
seafront and occurring in the inshore waters were also investigated. To do
this, respondents were introduced to a hypothetical situation where

blooms were washed up on the beaches and et sistle water (see
Appendix O section B; andhapter 6section 6.5.2). Initially,

respondents were asked how concerned they were about future blooms
using a 15 Likert scale that ranged from not concerned at all (1) to
extremely concerned (5). Respondents wieea asked how they would
respond upon discovering a hypothetical bloom on the beach where they
recreate. Like the fisheries survey, several responses were made available

for interviewers to tick based on what actions respondents reported in

responsetojnpot heti cal bl oom increases, i
nor mal , 0 navoid the water but stay o
alternative activity in tlhéyegrea, 0 0
how far, 0 as well as gropbon.iThkeifialg an 0o

part of section B introduced respondents to a jellyfish management

scheme (similar to the MEDelly RISK projecthttp:/jellyrisk.el) where,

in the Mediterranean, temporary netting is used to cpaiks within the

sea to separate beach recreationalists from jellyfish blooms. Respondents
were then asked whether they thought that a similar scheme would be
useful in the event of bloom increases where they recreate, and whether

they would be willing tacontribute financially to such a management
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scheme. The contingent valuation of the beaches of St lves was projected

based on the proportion of respondents that were willing to donate to such

a scheme, the payment vehicle they would use to donate (kegtion

buckets), how often they would make such a donation and how much they

would donate each time (questions specifically asked for this irigrmi

the survey, see Appendix, Bection B). The per person contingent

valuations were then scaled up basadhe estimate of total beach users

(gained through conversations with key actors) who would donate (based

on the proportion of respondents who were willing to dondtese

guestions were designed to allow a <c

revealedvalue of accessing the recreational location (inferred with the

travel cost analysis) to how much they said they would pay to protect the

area from jellyfish blooms i mpacts (
3. Section C encompassed seeimonomic questions inaling respondent

expenditure on various aspects of their visit per person (e.g.

accommodation, parking and on beach activities) per day, that could be

i nfluenced i f jellyfish were to alte

were collected to enable an unstanding of the benefits related to the

tourism industry, and how it could potentially be impacted by future

blooms based on how the respondents reported that they would respond to

blooms. Questions were also asked on their travel expenses for ther trip

get to the case study site, so that inferred access values of the coastal

ecosystem could be calculated using the travel cost method (see section

3.7.2). Other general soegzonomic demographics, such as income, age
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and education levels, were also eotkd to explore their influence on the
responses provided in the previous sections of the survey, as well as the
ecosystem access value (i.e. travel cost).

4. After the discussion with respondents was completed, interviewers filled
in information that inalded their own name, the specific area within the
location the survey took place, the interview duration and the
environmental conditions at the time of the survey to enable to test if there

was any influence on theesultsof the investigations.

Once a daft survey gquestionnaire was designed, a pilot study was conducted
across Cromer beach (North Norfolk) on th& I8ly 2016. This involved

walking along the beach and approaching people recreating there in a similar
manner to how data collection was piad for the final field work in St Ives
(Cornwall). The aim was to pilot the survey on a range of respondents of
different ages, genders as well as surveying respondents engaging in range of
recreational activities to test questionnaire understanding arding. Five
interviews were completed, and alterations were made to the survey based on
how the respondent reacted to, understood, and answered the questions.
During the surve fieldwork in St Ives, fac¢o-face surveys of randomly

selected respondents meecarried out from the 37uly to the 1% August

2016, during the school holidays, the height of the tourism season in the case
study site. As high numbers of potential respondents were anticipated at the
location, volunteers (MSc students) with prexs@xperience of surveying

were recruited from universities local to the survey site to assist with data

collected during field work. Volunteers were trained to administer the survey:
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all volunteers practised the survey administration togethermatio esure
consistent data wewmllected. Their initial surveys in the field were also
monitored to ensure data calten was consistersind debriefs held at the

end of each day. The significance of
on survey results &s also tested to ensure that there was no bias. Also, to

help with initial introductions, all interviewers were also provided with a

nj el | yf i sshirtsrsetlaepatentiahrespandents understood the

purpose ofnterviewers approaching them.

3.7.2 Economic Methods for Analysis of Interactions

Initial analysis of thempacts of blooms was based the relationship between

traits associated with different respondents (such as reason for visit, gender age,
i ncome) and r es pldoordiacreasesdEachéestpnol relsteds t o
results are discussed throughout Chapter 6. The frequencies of responses (e.g.
alterations to recreational activities) to hypothetical future blooming events
provided an understanding of the prevalence of specigcference to

recreational activities that would occur. The subsequent changes in expenditure
patterns of visitors were used to project the costs to the coastal tourism industry
by linking the expenditure that respondents reported on the various actwities
their bloom responses. This allowed for assumptions to be made on how
expenditure would change and to provide quantifiable projections of potential
loss to the tourism industryhe average bloom cost impacts per person (based

on survey data) could thdére multiplied by the estimation of the total number of
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beach users to aggregate the total impacts across the whole of the case study site

(expenditure change estimates are described in Chapter 6).

The impacts of blooms on the namarket values of the rezational experience in

the case study site was also investigated to give a full picture of the impacts of
blooms, as this study aimed to investigate both the social as well as economic
issues. A specific travel cost model (a revealed preference techriague

review of the stages and functions of travel cost, see Parsons, 2003) was used to
estimate the welfare benefits that access to the beaches of St Ives provides. A
single site travel cost model was used to estimate the access value of the coastal
ecaystem per beach user based on their actual expenditure from their travel. The
travel cost model was used because it employs aestblished economic

valuation technique that can estimate welfare values comparable with market
prices and it is based ohnet actual behaviour (travel, and related costs, to reach

the touristic destination) of those recreationists who would be impacted by
increasing blooms (Parsons, 2003). The model describes the demand function for
the recreational site based on how travet aafluences the number of visits

made to the site as follows:
i Qo duf [Equation 3.1]

Where r is the number of trips to the site made by respondents over the season

and teis the trip cost.

The trip cost tcper site visit incorporated intodtiation3.1 was calculated using
the return trip distance respondents had made to get to the case study location for

their holiday based on their home postcodes that were asked during survey
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(results are ilChapter 6section6.6). Variables other thantmcluding
demographics and income, can also influence the number of recreational site
visits and therefore the valuatioosaccess (Parsons, 2003). Iquation3.1,yis
the income of the respondents arépresents thdemographic variables of
respondents. The demographic valeabncluded into the model igEation3.1
were: gender, age, the number of people and number of children in the

respondentsdé group.

The next stage of the travel cost method is to estimate ldi®nship between

the parameters in the model (Parson, 2003). As the number of trips is count data,
characterised by high instances of low numbers, a poisson distribution was
assumed (based on the basic count data travel cost model (Parson, 2003)). The
poisson regression was used to generate the relationship between the variables
tc:, y andzin the model and the number of site visits using the following

function:

~

i T 6 0T a [Equation 3.2]

Where b is the coefficients of each par

demographics) in relation to the number of trips reported by respondents.

However, since over dispersion (unequal mean and variance, tested for using a
Kolmogorow+Smirnov test) was foud within the number of trips count data
(Chapter 6section 6.6), a poisson distribution was not assumed because the
goodness of fit of the model was distorted. A negative binomial regression which
assess the data using the same method but relaxes steirdrof over

dispersion (Parsons, 2003), was therefore used instead to analyse the study data.
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To calculate the access value, theoefficient representing the relationship
between average travel cost per person per day and the number of beachrvisits p

day( oO)der person was incorporated into the following function:

Sh= [Equation 33]

1 °H

Where$S, is the inferred access price (in this case the average amount spent on
travel getting to St Ives) and en is th

beach (number of beach visits were specifically reported by respondents).

The site access value per g@n was then multiplied by the estimated total

number of people who visit the beaches per day during the summer season,
provided by key actors, to get the aggr
responses to hypothetical beaches closures and bloomsmbegehes were

used to estimate percentage changes on individual welfare using the travel costs

method resultsdiscussed isection 3.7.1).

The estimated use value / welfare losses due to jellyfish blooms were then
compared to the willingness to donatge(contingent valuatioh see section

3.7.1, section B) towards a hypothetical management scheme to provide visitors
with the same recreational experience despite a bloom event (their stated value).
Results are reported Chapter 6. Recommendations anahagement scheme
proposed (a management scheme similar to the M#by nets discussed in

section 3.7.1) funded by donations from beach visitors are also discussed in

Chapter 7.
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3.8 Research Ethics

Before the fieldwork commenced, ethics approval was gained from the UEA
General Research Ethics Committee for the data collection (for the fishermen and
tourism surveys), as is required at UEA. Documentation was submitted that
considered potential ethiciakues related to the research and informed consent.
Key considerations included ensuring confidentiality, respondent anonymity, any
concerns about jellyfish and respondents feeling obliged or forced to participate.
All completed surveys were kept securiglyocked cupboards within a secure
location. Data were stored on a password protected laptop issued by UEA that
was kept in a securely locked office. Before surveys began, an introduction was
offered to properly explain the research to all potentialgpaints. It was made

clear that all information provided would not be shared with third parties, only
anonymised data would be collected, that participation was entirely voluntary and
that participants could terminate the survey at any point and witHdvawthe
research. | also provided my contact details on a business card for respondents if
they had any further concerns or additional questions after completion of the
survey. Directly after both surveys (with fishermen and tourists), | offered to
provide information about the species that occur in the Northeast Atlantic and
jellyfish in general. The vast majority of the tourism respondents welcomed this
information as they were had little knowledge on jellyfish (explored further in
Chapter 6section 6.4 and were interested in learning about the species.
Generally, interviewers were received positively, particularly families with young
children who enjoyed some of the facts about jellyfish and the images on the

flash cards. Responses to the researchéfishermen was also generally
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positive but very few asked for more information due to more widespread
familiarity they already had of most of the species featured in the survey. No
ethical concerns were raised by respondents during fieldwork; the nmostaro
refusal to engage with the survey was from those who indicated they were time

limited or uninterested.

3.9 Safety Training

As the fisheries surveys were conducted in and around working harbours that
were closed to the public, where heavy maclyineas used to lift and transport

large objects in wet and slippery conditions, security clearance was gained from
harbour security at the start of fieldwork. Clearance was granted on the condition
that research was not to be conducted in certain areagdesrsafe by the

security guards, appropriate footwear was worn at all times whilst in the harbour
and all work must stop upon hearing warning sounds emitted by machinery
transporting large objects (usually fork lift trucks transporting crates containing
catch). The final condition was that all surveys had to be completed in full view

of the harbour CCTV cameras.

As MSc students volunteered to undertake the surveys at the coastal town, safety
considerations were seriously considered for the fieldwork pelfiod to the

close proximity of the field locations to urban areas with rapid access to the
emergency services (including life guards on duty at the field site) and good cell
phone signal, it was deemed that | required the minimum out door first aid

tranng after consultation wi-obrdinatorhle School
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therefore completed a level 1 outdoor first aid course (8 hours) at the Hollowford
Centre, DerbyshireS33 8WB on the 2% July2016 prior to the start of the field
work. During sureys, care was also taken to make sure that interviewers had

sufficient clothing and gear to conduct the redeamall weather conditions.

3.10 Conclusion

This chapter has provided insights into the methodologies for the application of
an ecosystem services approach to this study in order to value the potential socio
economic impacts of future changes and potential increagatyfish blooms

across the Northeast Atlantic could cause. Innovatively, using the GIS methods
and processes described in this chapter, environmental conditions that contribute
towards jellyfish suitability was mapped based on the physiological thresholds
currently available and a representation of the future conditions affecting jellyfish
suitability. The maps indicate changes in jellyfish populations, what the
populations could be like in the future and identify specific locations within the
Northeast Alantic where future blooms could occur. In such areas, the impacts
on coastal visitors and fishing communities may be affected by how blooms alter
coastal and marine activities. The results from the GIS work are presented and
discussed in Chapter 4. Thesults of socieeconomic investigations are reported

in Chapter 5 (impacts of future bloom increase on commercial fishing) and

Chapter 6 (impacts of future bloom increases on coastal tourism).
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CHAPTER 4

MAPPING SUITABILITY OF THE NORHTEAST

ATLANTIC FOR JELLYFISH BLOOMS

4 .1 Introduction

In thischapter this first research questiowlfat does existing knowledge of
changes in the marine environment reveal about potential future jellyfish blooms
across the North East Atlantic, based on their physiolothcasholdd responses

to the marine environmentid addressed, to determine and describe the spatial
extent of jellyfish and potential blooms. Output gained during the stages of the
GIS mapping in ArcMagmethods discussed throughout Chaptear®) the inal
visualisations of how suitable Northeast Atlantic waters are to a range of jellyfish
species in the present day are displayed (sections 4.2, 4.3, 4.6 and 4.7). The maps
are based on the environmental drivers of jellyfish population changes and
bloomsdescribed throughout Chapter 2. The output validation (sections 4.4, 4.5
and 4.8) is then used to assess whether using seaasurfaceemperature,

salinity and the CPR plankton coumefgectively allows areas suited to larger
jellyfish populations, as well as suggest how addressing knowledge gaps can
further develop the maps and their applications (section 4.10). This then enabled
consideration of whether future changes to the enviemah parameters would

alter bloom occurrence (section 4.9). In later chapters, case studies within such
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areas were then analysed to conclude as to whether there would be any impacts
on the coastal anthropogenic communities if blooms weneaterialise me
frequently The implications of the outcomes were also used to contribute to the
discussion as to whether the perceived increageflyifish populationsover the

past decade could conceivably have occurred and how the methodology could

contribute tote general understanding of bloom formation.

4.2 Study Species

Thelist of speciewvith life history and physiological characteristics based on the
initial literature review are displayed in Table 4Sklection of a species was

based on known distributg in relation to Northeast Atlantic waterkraown

ability to impact coastal industriesnd the existence of data that could be used

to determine physiological threshol@@®e appendix A for the contribut®af a
varietyto the final thresholdfo theenvironmental parameters (temperature,
salinity and preyndex). Greatersuitability occurred at higher temperatures for
each type of jellyfistapart from for thewo Cyaneaspecies which were more

likely to reproduce antiloom as temperatures decreaasthey were reported to

be more suited to boreal conditions (Brewer, 138&cell, 2012 Due to limited
data availability there was a high level of consistency between the physiological
thresholds (in terms of temperature and salinity) for each spEcigker

research is required to confirm if the similarities in suitable temperatures and
salinities displayed in Table 4.1 are accurate or if there if more variation occurs
between species (discussed in Chapter 7). Due to the lack of species specific data

on prey requirement, two sets of prey requirements thresholds were formed
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separatingeachspecies based on similar morphological traits and life histories

(see chapter 3, section 3.3.8mallershorterlived species were shown require

less prey tharhelargerlongerlived speciego achieve certain reproduction rates

associated with greater suitabilityith the limited speciesspecific data

providing some variation around the thresholds used.

Table 4.1Species selected for spatial modelling and their physiological thresholds to the environmental factors

where survival, reproduction atdboms were possible

Environmental Condition Thresholds References
Species SST €C) PPT Prey Index
Aurelia aurita | Survival: 5 Survival: 17 Survival: 5 Morandet al.(1987)
Reproduce: 13 | Reproduce: 30 | Reproduce: 40 Lucas, (2001),
Bloom: 15 Bloom: 35 Bloom: 60 Purcell, (2007),
Holst and Jarms, (2010),
Purcellet al.(2012),
Pascuaét al.(2014),
OBIS, (2017)
Pelagia Survival: 5 Survival: 30 Survival:5 Morandet al.(1987),
noctiluca Reproduce: 12 | Reproduce: 31 | Reproduce40 Doyle et al.(2008),
Bloom: 15 Bloom: 35 Bloom: 60 Rosaet al. (2013),
Lilley et al.(2014),
OBIS, (2017)
Cyanea Survival: 16 Survival: 25 Survival: 30 Fancett, (1988),
capillata Reproduce: 8 Reproduce: 32 | Reproduce: 60 Purcell, (2003),
Bloom: 10 Bloom: 35 Bloom: 100 Holst and Jarms (2010),
Holst, (2012)
OBIS, (2017)
Rhizostoma Survival: 14 Survival: 30 Survival: 40 PerezRuzafaet al. (2002),
pulmo Reproduce: 15 | Reproduce: 8 Reproduce: 60 Lilley et al.(2009),
Bloom: 20 Bloom: 3 Bloom: 100 Fuentest al.(2011),
Purcellet al.(2012),
OBIS, (2017)
Chrysaora Survival: 13 Survival: 20 Survival: 30 Sparkset al.(2001),
hysoscella Reproduce: 8 Reproduce: 32 | Reproduce: 40 Flynn and Gibbons, (2003)
Bloom: 16 Bloom: 35 Bloom: 60 Holst and Jarms, (2010),
Purcellet al.(2012),
Holst, (2012)
Cyanea Survival: 16 Survival: 25 Survival: 15 Brewer, (1989),
lamarkii Reproduce: 8 Reproduce: 32 | Reproduce: 40 Holst and Jarms, (2010),
Bloom: 10 Bloom: 35 Bloom: 60 Purcellet al.(2012),
Holst, (2012)
OBIS, (2017)
Physalia Survival: 2 Survival: 30 Survival: 30 Purcell, (1984),
physalis Reproduce: 15 | Reproduce: B Reproduce: 60 Purcell, (2003),
Bloom: 20 Bloom: 35 Bloom: 100 OBIS, (2017)
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4.3 Environmental Data Layers

The maps representing the eavimental data layers (Figlac) are displayed
across the coordinates 45N to 65N 40€ to 20W, with celbf 1°X 1° grid
resolutionwhich form the basis of the spatial model. Thailled the purpose of
generatinglata representing the average environmental conditions and act as a
prey index(see apter 3, section 3.3.1 for explanation of the interpolation used
to generate the mapkhatjellyfish would be expected to experience over the
course of an average year. Each seasas#trdata layer was also suitabla f
reclassification based ghysiologicdthresholdranges of different levels of

suitability for each of the differefpellyfish species.
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B Winter PPT
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Fig 4.1 The raster data layers representing the average seaswi@nmental conditions and prey
abundances jellyfish would experience. A) the average seasonal sea surface tempCatBeshe

average seasonal salinities (PPT). C) The average seasonal projections of prey index based on the
interpolations of the continuous plankton recorder (CPR) count data.
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The annual variabilitpetween yearthat occurred during theeasonal avege
calculationswvas relatively low for the SST layersig. 4.1a) (average standard
deviation for winter = 0.29, spring = 0.4, summer = 0.42, autumn =0.62) and PPT
layers Fig. 4.1b) (average standard deviation for winter = 0.06, spring = 0.1,
summer =0.17, autumn = 0.11)Jellyfish suitability in relationa SST and PPT
wasthereforeassumed thiave remained relatively consistent digrihe time

period that the averagescompas§2000-15). However, there was greater
seasonaind geographicalariationin plankton levels within the average prey
index datalayers Fig.4.1c) (average standard deviation for winter = 23.04,

spring = 55.94, smmer = 79.22, autumn = 71.75). It was therefore assumed that
the greater variability in prey levels, characterised bgllsed areas of intense
abundance at different times of the ya@asmore likely toinfluenceajellyfish
species ability to bloom, particularly tie other environmental factors were
consistently suitablelThe locations of intense plankton abundance were therefore
the areas where potential case studies of conflict with stakeholders were more
likely to be identified. Generally, summer conditions initially appeared to provide
the most suitable data layers fellyfish blooms if they were to occur, as prey
index and temperatures were higher, increasing the chances of suitable

physiological thresholds for the majority of the species in Table 4.1.

4.4 Interactions between Environmental Factors

Trends obswedin the plots(Fig 4.2ac) comparing the influence between the

data in the GIS layers for each of the theagironmental factorshowedweak
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correlations were present between thAsSST inceased, PPT gradually
increased. This trend is known to ocauthe oceans as PHicreass with
decreasing ocean densities and increasing evaporation associated with warmer
waters (Curryet al.2003). As SST increaxsd, the prey index decreased which
agrees with the generalised trend #t@tier, more northerly warsin the
Northeast Atlantic are considered torhere productie (Johnseet al. 2003).
Therefore, as PPT increas#ug prey indexlecreaseddowever, the weak
correlations between PPT and S&idbetween PPT anithe preyindex
described by the lowRaluesof 0.111 and 0.03 respectivelyindicates that at
the resolution and scale the datas presented, the influence would hawve
subsequent impact on jellyfish suitalyjliThe change in PPdver the course of
the temperature ranggi¢ 4.2a) andnacrozoglanktoncountrange Fig 4.2c)
would notinfluencebloomrisk as the ranges between the physiological
thresholdsconsistently remained above the bloom threshold for each species
Based on the data and the thresholds it can therefore be stated that f
majority of the Northeast Atlantic, salinities are suitable for blooms of each

medusae.

However, despite the correlation being relatively weak=R.291), the decrease

in the prey indeyas temperature increas@dg 4.2b) was likely to influence

jellyfish suitability as the changes in both temperature and prey went beyond the
difference between thresholds of different suitability displayed in Table 4.1
(section 4.2) for each of the 7 species. Increasing jellyfish suitabitigisfore
morelikely to occur for species thaan tolerate lower temperatsreithin the

mapping site, enabling them to take autege of the increased prey levels. It
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must be acknowledged however, that a log transformation was applied to the data
plotted in Fig 4.2b becese it initially appeared that the data was skewed. The
skewing of the data likely occurred due to plankton blooms picked up within the
CPR data that increased the scale of Hagig, causing the more typical data

points to skew. The relationship betweBT and the prey index was therefore

less obvious, so the log transformation showed a comparison between the
geometric mean between the points at a more consistent scale for the majority of
the data. The transformation highlighted more of a relationsivpelea the SST

and prey index with higher plankton counts occurring at colder temperatures, but

the relationship remained rélzely weak.
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Fig 4.2 Scatter plots representing correlations betweerir@onmental parameters. &prrelation between
SST and PPT. B) Crelation between SST and prey &xdCF) Correlation between PPT and piregex.
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It must be acknowledged that several outlying points occurred within Fig 4.2a
and 4.2c, due to areas ofmigcantly lower salinity captured within the
environmental data sets. Such points represented locations within the mapping
sites where sharp salinity decreases occur, which included eastern areas within
the North Sea that experience outflows of freshw&ech freshwater input is
known to come from the Baltic Sea, a location of low salinity due to it being
relatively shallow and having high inputs of freshwater from inland ecosystems
such as lakes (Hordaét al 2013). Such locations occurrenivardsthe borders

of the GIS mapping site covered by the NetCDF data layers. These locations
were not focussed on during the socioeconomic assessment of increasing bloom
impacts, as they occurred away from locations of increased socioeconomic
activity that coudl potentially be impacted by blooms, including offshore waters
that the Baltic Sea flows into. However, it must be acknowledged, that there were
additional factors influencing the salinity in the plots between the three
environmental factors that will havefluencedthe relationships discussed above.
For example, in Fig 4.2a, the locations that experience outflows of freshwater
generally occur in areas with lower temperatures, which were the more northerly
latitudes and more easterly longitudes within@8 mapsThe resultwas points
within the plots that represented salinities effected by freshwater outflows that
coincidentally occurred within the cooler temperatures. The outliers will
therefore have influenced the trend lines in the plots acting esalpy points that
exaggerated the suggestion that colder temperatures are more associated with
lower salinities. Although this generally was case (despite the minimal

relationship seen), the trend would have been less pronounced (characterised by
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an evendwer Rvalue) without the influence of the outliers within the salinity
data set. Taking into consideration of the leverage effect the outliers had, further
confirmation is provided that there was little influence between salinity and the
other environmetal factors that could potentially influence bloom risk at the
resolution the data layers were preselmeelation to the physiological

tolerances

4 5Plankton Abundance Cross Validation

The final investigation into the environmental data before it was reclassified, was
across validation of therpyindexdata layers (Fig 4.3d) to test whether the
fluctuations seen in the initial data layers were a symptom of the kriging
interpolation nethodology instead of naturally occurring variation detected in the
CPR samplesThe lack of significant difference between theraations of prey
from theinterpolations of original data set and the 30% saimple in winter (t =
0.704, df = 2, p = 0.499, spring (t =0.474, df = 12p = 0.644), summer (t =
0.996, df = 12p = 0.399) and autumn (t<1.573, df = 12p = 0.142) indicated

that the methodology consistently estimated plankton léasded on the data
available The 30%sulsample of the datased for validation showedtie same
annual fluctuations in planktabundanceThedifferencesobserved were

minimal and would have been unlikelyitopact on the number of raster squares
achieving certain suitability assignmenptsce the large amount otk in the

layers had been averaged out over the 12 years, across the whole map
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Average Plankton Counts
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