Accepted Manuscript T
COASTAL

AND

SISIEEESS CIENCE
A

Economic impacts of marine ecological change: Review and recent contributions of : -
the VECTORS project on European marine waters y
£

Rolf A. Groeneveld, Heleen Bartelings, Tobias Bérger, Francesco Bosello, Erik
Buisman, Elisa Delpiazzo, Fabio Eboli, Jose A. Fernandes, Katell G. Hamon, Caroline

Hattam, Maria Loureiro, Paulo A.L.D. Nunes, Joanna Piwowarczyk, Femke E.
Schasfoort, Sarah L. Simons, Adam N. Walker

PII: S0272-7714(16)30103-2
DOI: 10.1016/j.ecss.2016.04.002
Reference: YECSS 5095

To appearin:  Estuarine, Coastal and Shelf Science

Received Date: 4 May 2015
Revised Date: 20 February 2016
Accepted Date: 4 April 2016

Please cite this article as: Groeneveld, R.A., Bartelings, H., Bérger, T., Bosello, F., Buisman, E.,
Delpiazzo, E., Eboli, F., Fernandes, J.A., Hamon, K.G., Hattam, C., Loureiro, M., Nunes, P.A.L.D.,
Piwowarczyk, J., Schasfoort, F.E., Simons, S.L., Walker, A.N., Economic impacts of marine ecological
change: Review and recent contributions of the VECTORS project on European marine waters,
Estuarine, Coastal and Shelf Science (2016), doi: 10.1016/j.ecss.2016.04.002.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ecss.2016.04.002

Economic impacts of marine ecological change: Rewnd recent contributions of the
VECTORS project on European marine waters

Rolf A. Groeneveld (corresponding author)

Wageningen University, Environmental Economics Batlral Resources Group,
Hollandseweg 1, 6706 KN Wageningen, The Netherlahekephone +31 317 482009, e-
mail rolf.groeneveld@wur.nl

Heleen Bartelings
LEI Wageningen UR, Alexanderveld 5, 2585 BD The tggrhe Netherlands

Tobias Borger
Plymouth Marine Laboratory, Prospect Place, The, irdgmouth, U.K. PL1 3DH, United
Kingdom

Francesco Bosello

Fondazione Eni Enrico Mattei, Isola di S. Giorgiadyiore 8, 30124 Venice ltaly

and

University of Milan, Department of Economics, Maeagent and Quantitative Methods, Via
Conservatorio 7, 20122 Milan, Italy

and

Euro-Mediterranean Center on Climate Change, Ecanémalysis of Climate Impacts and
Policy (ECIP) division, Isola di S. Giorgio Magge8, 30124 Venice ltaly

Erik Buisman
LEI Wageningen UR, Alexanderveld 5, 2585 BD Den ¢jakhe Netherlands

Elisa Delpiazzo
Euro-Mediterranean Center on Climate Change, Ecanémalysis of Climate Impacts and
Policy (ECIP) division, Isola di S. Giorgio Magge8, 30124 Venice Italy

Fabio Eboli

Fondazione Eni Enrico Mattei, Isola di S. Giorgiadyiore 8, 30124 Venice ltaly

and

Euro-Mediterranean Center on Climate Change, Ecanémalysis of Climate Impacts and
Policy (ECIP) division, Isola di S. Giorgio Magge8, 30124 Venice ltaly

Jose A. Fernandes
Plymouth Marine Laboratory, Prospect Place, The, irdgmouth, U.K. PL1 3DH, United
Kingdom

Katell G. Hamon
LEI Wageningen UR, Alexanderveld 5, 2585 BD Den ¢jdkhe Netherlands

Caroline Hattam
Plymouth Marine Laboratory, Prospect Place, The, ifbgmouth, U.K. PL1 3DH, United
Kingdom

Maria Loureiro



Departamento de Fundamentos da Anélise EconomacaltBde de Ciencias Econdmicas,
Universidade de Santiago de Compostela, 15782 Caiprtie, Avda Burgo das Nacions,
15704 Santiago de Compostela, Spain

Paulo A.L.D. Nunes

Ecosystem Services Economics Unit, Division of Eowimental Policy Implementation
(DEPI), United Nations Environment Programme (UNBPRD.Box 30522, United Nations
Avenue 00100 Nairobi, Kenya

Joanna Piwowarczyk
Institute of Oceanology Polish Academy of Scienéesystancow Warszawy 55, 81-712
Sopot, Poland

Femke E. Schasfoort
Deltares, Inland Water Systems, Princetonlaan384 CB Utrecht, The Netherlands

Sarah L. Simons
Johann Heinrich von Thinen Institute (Federal Rebelastitute for Rural Areas, Forestry
and Fisheries), Institute of Sea Fisheries, Palen@jl22767 Hamburg, Germany

Adam N. Walker
Wageningen University, Environmental Economics Batliral Resources Group,
Hollandseweg 1, 6706 KN Wageningen, The Netherlands

Abstract

Marine ecological change is likely to have seripagential economic consequences for
coastal economies all over the world. This artieldews the current literature on the
economic impacts of marine ecological change, dsasex number of recent contributions to
this literature carried out under the VECTORS prbj@/e focus on three main types of
change, namely invasive alien species; outbreakifay species, such as jellyfish and toxic
algae; and gradual changes in species distribatioinproductivity. The case studies available
in the literature demonstrate that the impactsedsions and outbreaks on fisheries,
aquaculture, and tourism can potentially amouseteeral tens of millions of dollars each
year in some regions. Moreover, stated preferetutbes suggest a substantial impact on
coastal tourism and non-use values that is liketysible in case studies of specific
outbreak events. Climate-driven gradual changeksinibution and productivity of
commercial fish stocks will have an impact on fisé® although these impacts are likely to
be overshadowed by much larger changes in pricesaibod and fuel.



1 Introduction

European marine ecosystems are changing undemfiact of human activity, and at the
same time these changes are having impacts on Isuin&moduction of invasive alien
species through ballast water, deliberate intradost and other vectors, are having serious
effects on commercial fish stocks and other se¢s®s e.g. Xu et al., 2006). Enhanced
frequencies of harmful algal blooms (HABs) andyjieth outbreaks due to overfishing and
marine pollution cause considerable damage bygillommercial wild stocks, aquaculture
fish and shellfish, deterring or injuring coastaitors, and making shellfish unfit for
consumption (see e.g. Hoagland and Scatasta, P@dKet al., 2013). Lastly, climate
change, largely driven by anthropogenic greenhgaseemissions, is having consequences
for fisheries as fish stocks move with climatic esrfDoney et al., 2012) and harmful
jellyfish and algae are entering new areas (seeReigpnoundou et al., 2015). The complexity
of human drivers and their interlinkages, as welbathe impacts of marine ecological
change on humans, calls for an integrated assessfd@se impacts and the necessary

policy responses.

The VECTORS project aimed to quantify the econamigacts of the wide array of marine
ecological changes, and to provide integrated éupuojections of the social, economic, and
ecological changes that might take place in th@pgesn marine environment. The variety in
drivers, changes, impacts, and disciplinary experias addressed by the formulation of two
integrated future scenarios for the three EU maniaters considered in VECTORS, namely
the Western Mediterranean Sea, the North Sea an8atic Sea (Groeneveld et al., this
issue). These scenarios were based on the SRESdISReport on Emissions Scenarios)
socio-political storylines used by the IPCC (Intargrnmental Panel on Climate Change)

(Nakicenovic et al., 2000) and subsequent studiessied on the marine environment and



maritime industries, such as AFMEC (AlternativeufatScenarios for Marine Ecosystems)
(Pinnegar et al., 2006) and ELME (European Lifestydnd Marine Ecosystems) (Langmead
et al., 2007). These studies formulated four seéesairom which we adopted two, namely
National Enterprise (also indicated as Scenariod®) Global Community (also indicated as
Scenario B1), which we further specified for thedféen Mediterranean Sea, the North Sea
and the Baltic Sea. Further information on the pssoof scenario development and the

specification of the scenarios can be found in Geweld et al. (This issue).

The objective of this article is (1) to review tharent literature on the economic impacts of
marine ecological change; and (2) to highlight enbar of recent contributions to this
literature done under VECTORS. We focus on thremypes of change, namely (1) marine
invasive alien species (IAS); (2) outbreak formapgcies (OFS); and (3) gradual changes in
species distribution and productivity. The geogregldistribution of the studies referred to

in this review is presented in Figure 1.

The article is organised as follows. Section 2ukses the economic impacts of marine
ecological change, discussing for each of the thraim types the current economic literature
and the results of VECTORS research. Section 3igs®s economic analyses of policy
responses to marine ecological change, includiagtirent literature as well as VECTORS
contributions. Section 4 concludes with generakolations and suggestions for further

research.



2 Economic impacts of marine invasive alien speoeathreak forming species, and

gradual changes in species distribution and prodtyct

2.1  Marine invasive alien species

211 Estimates in the international peer-reviewed litaea

Marine invasive alien species have considerabl@ahpn coastal and marine economic
activities, mainly through lost fishing revenueda predation and competition (Table 1). In
2000 Chinese fisheries suffered economic impacdisated at US$73.91 million due to
exotic species like smooth cordgraSpértina alterniflora and several bloom-forming algae
(Xu et al., 2006). The Australian spotted jellyfighyllorhiza punctatgais estimated to have
inflicted up to US$10 million on the shrimp fishesiof the northern Gulf of Mexico in 2000,
and is likely to have affected other fisheries &l \Graham et al., 2003). US West coast
shellfish fisheries may not yet have felt impactsif the invasive European green crab
(Carcinus maengshbut its proliferation could lead to annual lasgethe order of US$1-2
million (Grosholz et al., 2011). A word of cautidmwever, is warranted with respect to
estimates of direct impacts of invasive alien aboeak-forming species as an earlier study
estimating the impact a@arcinus maenaen annual shellfish harvests at US$43 million
(Lafferty and Kuris, 1996) may have overestimaBaicinus maenas economic impacts by

an order of magnitude (Hoagland and Jin, 2006).

Occasionally marine invasive alien species preaermconomic opportunity. In The
Netherlands the Chinese mitten cr&igcheir sinensisis commercially harvested with a
total catch of around 140 tonnes per year at a ehquikce of €12 per kg in 2012 (Bakker and
Zaalmink, 2012). In northern Norway the invasivelReng crab has become a highly

valuable commercial species (Falk-Petersen and #homg, 2013), whereas in Jamaica the



invasive Australian Red Claw crayfish appears tpéicularly beneficial for poor fishers
(Pienkowski et al., 2015). Some exotic shellfisacses were introduced for their commercial
value (see e.g. Nunes et al., 2004; Troost, 204i0):specimens of the invasive Pacific

Oyster Crassostrea giggsare harvested in the Dutch Wadden Sea (Van Bls, &015).

European seas are reported to contain 879 multiaelhvasive alien species (Galil et al.,
2015); 176 marine invasive alien species are knmwrave an economic impact (Vila et al.,
2009). The comb jellyMinempiopsis leidyiled to a US$16.7 million reduction in annual
anchovy fishery rents in the Black Sea (Knowle20 Frésard and Boncoeur (2006)
estimate that controlling the slipper-limp€répidula fornicatd in the Bay of St-Brieuc,
France will increase the revenues from the locallgg fishery by about € 35.5 million per

year.

Table 1: Estimates of economic impacts of marivasive alien species cited in this review, withitieguivalent in 2010

Purchasing Power Parity dollars

\*J

Source Description Estimate Estimate in PPF
(constant 2010

international $)

Graham et al., Shrimp harvest lost in 2000 in the Northern Gul#S$ 10 min $21.28 min
2003 of Mexico due tdPhyllorhiza punctata
Knowler, 2005 Lost annual harvests in the Black Sea US$ 16.7 min| $62.02 min

commercial anchovy fishery due to

Mnempiopsis leidyi

Frésard and Lost annual harvests from scallop fishery due|t6 35.50 min $ 46.60 min

Boncoeur, 2006 | space competition b@repidula fornicata

Xu et al. 2006 Damage to Chinese fisheries dueversl US$ 73.91 $ 275.37 min

exotic cordgrass and bloom-forming algae min




species in 2000

Grosholz et al., Lost annual harvest in US West Coast shellfisHJS$ 0.62- $0.7-1.4 min

2011 fishery due taCarcinus maenas 1.21 min

Bakker and Annualrevenuesrom harvest oEriocheir € 1.4 min $ 1.65 min

Zaalmink, 2012 sinensign The Netherlands

Borger et al., Average annual Willingness To Pay of UK -£ 25.39 -$34.78
2014 citizen for wide spread of invasive species in the

Dogger Bank

This review Annual medical costs of injuries due to € 0.318 min $0.37 min

Crassostrea gigam the eastern Scheldt

Schasfoort and Average annual Willingness To Pay of WaddemNot significant

Van Duinen, 2015| Sea tourists for a reduction @rassostrea gigas

2.1.2 VECTORS contributions

VECTORS investigated the impacts of marine invasiven species in three specific cases:
(1) the Dutch part of the Wadden Sea; (2) the Do8gak; and (3) biofouling of ship hulls.
The Wadden Sea was chosen as a case study be€t#asmmbination of high ecological
values, a thriving tourist industry, and the abura#eof the invasiv€rassostrea gigasrhe
Dogger Bank served as a good example of a remegevanere construction of offshore wind
farms might provide hard substrate for marine inv@alien species. Lastly, biofouling is a

relevant issue for shipping in all regional seassodered in VECTORS.

The Pacific Oyster in Dutch coastal areas

A UNESCO world heritage site since 2009, and Eumlaegest marine wetland (Enemark,
2005), the Dutch Wadden Sea is a popular tourissthr@ecreation area. An estimated 13.5
million overnight stays were recorded in 2007 ia #nea, accounting for €1.4 billion of

revenue into the region (Brandt and Wolleson, 2009)
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Crassostrea gigawas introduced deliberately in the mid-1960s o @osterschelde (Eastern
Scheldt), an estuary in the south of the Netheddbdinkwaard, 1999; Troost, 2010). In the
early 1980s the Pacific Oyster was first observettheé Wadden Sea, after which it spread out
all over the Dutch Wadden Sea region (Drinkwaa®@®9). Warm summers contribute to the
success o€rassostregdDiederich et al., 2005), so global warming may&ase its

population. As its population increases, it wikéaup greater areas of scarce substrate at the
expense of the native blue mussel, whose populatiaraccordingly be expected to decline

(Troost, 2010).

Crassostrea gigasan potentially impede the Wadden Sea's touristenges as its sharp
shells cause injuries to tourists engaging in naidflalking or water-sports, both of which
are popular in the region (Smaal et al., 2006)addigh no data are yet available on such
injuries in the Wadden Sea, we can approximatettier of magnitude of their medical costs
by considering Smaal et al.'s (2006) estimate otialB000 injuries annually in the
Oosterschelde. The standard cost for a consultatibna general practitioner in 2013 was
€45.46 (Nederlandse Zorgautoriteit, 2012), whichluladdoring yearly medical cost due to
injuries byCrassostrea gigas the Oosterschelde to about €318,220. This shioal
considered an underestimate of the total econampact of such injuries, which would also
include such issues as transport to the practiti®oéice, time lost due to recovery, and the

overall discomfort of the injury.

A choice modelling survey (see e.g. Kanninen, 2@@rjied out under VECTORS
investigated whether tourists are willing to paytwid an increase of the Pacific Oyster in

the Wadden Sea due to climate change (Schasfabiam Duinen, 2015). Experts and



practitioners determined the vector of chang€mfssostrea gigas the Wadden Sea for (1)
the current situation; (2) a situation with limiteldmate change, corresponding to the Global
Community (B1) scenario; and (3) a situation wittoisg climate change, corresponding to
the National Enterprise (A2) scenario. These chamgge translated to a visual impact and
an increase in the number of mudflat walkers irgumhich varied between 1 in 100 (the
status quo scenario), 1 in 500, and 1 in 1000 raudfalkers injured. A daily tourist tax was
used as payment vehicle. The choice modelling sumas carried out on the Wadden Sea

island Ameland in 2012.

Despite the risk of injury to mudflat walkers dwedrassostrea gigaghe coefficient of
reducing this risk was statistically insignificanta conditional logit model and a mixed-logit
model, both with and without socio-economic charastics. This may be due to the relative
unfamiliarity of the respondents wi@rassostrea gigas comparison with other attributes,
such as seals, birds and wind turbines. Furthermoaay respondents did not think an injury
due toCrassostrea gigawould happen to them. This suggests that dedpteniedical costs

of injuries, the presence Gfrassostrea gigadoes not appear to deter tourists from visiting

the Wadden Sea.

Invasive alien species on the Dogger Bank

The Dogger Bank is a shallow water area (less #@am in its most shallow regions) of
approximately 17,600 kfrin the North Sea, straddling the borders betwherK, The
Netherlands, Germany, and Denmark. The area is@ad@cological region with a high
fisheries productivity (Kroncke and Knust, 1995pKcke, 2011). While plans are being
developed to designate the Dogger Bank as a Sp&@alof Conservation (SAC) under the

EU Habitats Directive (EC, 1992), plans have alserbsubmitted to develop an 8,660°km



wind farm in the UK sector (Forewind, 2010). The&aduction of hard concrete structures,
as well as climatic change in general, may fat¢dithe establishment of marine invasive

alien species in the Dogger Bank area (see e.fel,a2008; Bulleri and Chapman, 2010).

Under VECTORS, Borger et al. (2014) conducted acehmodelling survey among the UK
population to estimate the public's appreciatioratflogical changes in the Dogger Bank,
including the presence of invasive alien speciesahousehold tax as payment vehicle. The
valuation scenario used in the choice modellingesyiwvas based on the fisheries
management options proposed for the SAC and tisb@f® wind farm planned for the area.
Data collected among 973 respondents were analysedonditional logit model and a
mixed-logit model. Both analyses suggest a sigaifily positive willingness to pay (WTP)

for increases in general species diversity anghtbeection of porpoises, seals and seabirds as
charismatic species. Based on the results for tkedvlogit model, the annual WTP for wide

spread of invasive alien species was estimatee?&tId (€-30.29).

The valuation of such remote marine resources, Wiexnybears several types of uncertainty.
To decrease cognitive burden on respondents ofeyamy complex scientific evidence
regarding the role of artificial hard structurestba establishment of invasive species (see
e.g. Bulleri and Chapman 2010, Dafforn et al. 201tt valuation scenario merely offered
the choice between a wide and restricted spread/asive species in the North Sea. Any
potential uncertainty regarding the consequenceffefrent wind farm configurations was
not made explicit because the focus was on examihi& welfare effects gfotential
changes rather than the study of how likely theeeewRespondents were further given the

opportunity to express uncertainty with respedhtr stated choices (cf. Brouwer et al.
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2010) on a five point scale. Excluding the first @®cond most uncertain choices (3.4% and

8.3% of all stated choices) from the analysis, hawedid not change WTP estimates.

Biofouling of ship hulls

Biofouling creates costs for shipping because faulling decreases the speed of ships and
increases fuel consumption (already the highestabipg cost for the industry) by 40%-80%
(Swain et al., 2007). Under VECTORS Fernandes. €2@lL6) investigated the costs of hull
fouling by indigenous and invasive alien specissyall as possible mitigation methods. For
the three European seas studied in VECTORS thg &aglfound indications that non-
indigenous species found in ship hulls have a mighpact on fuel consumption (9%-25%)
than indigenous species. This is due to factoesdikigher average growth (Fernandes et al.,
2016) as well as resistance to pollutants (Karatayal., 2009) or antifouling coatings

(Crooks et al., 2011).

2.2 Outbreak forming species

2.2.1 Estimates in the international peer-reviewed lii@e

Indigenous outbreak-forming species, such as jshydind harmful algae, have a variety of
economic impacts, such as losses in fishing andstouevenues, health care costs, and
recreationists' appreciation of beach visits. Tlagnnmpacts of jellyfish blooms include (1)
predation of commercial fish stocks and cloggin@igifing nets; (2) killing of penned fish in
aguaculture; (3) impacts on tourism; and (4) blgekaf sea water intake by power stations
(Purcell et al., 2007). Most economic valuationgedf/fish impacts regard effects on
fisheries (Table 2). Mass occurrence of the gialhgfish (Nemopilema nomurgin Japan in
2003 caused US$ 20 million worth of damages tcefigs in Aomori prefecture alone

(Kawahara et al., 2006). Impacts on Korean fislsesiie estimated at annually US$ 68.2
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million to US$ 204.6 million, which includes redigts in catch as well as reduced value of
the remaining catch (Kim et al., 2012). Jellyfish &equently caught as bycatch in the
Peruvian anchovy fishery, and quality control maragleduct the amount of jellyfish caught
from total catch. A 2013 survey (Quifiones et @13 among quality control managers in
the Peruvian anchovy fishery estimated the econtmages due to such deductions at about
€200,000 in the 35 days of the survey. Finallynitati et al. (2014) estimate the economic
losses of the trawling fleet in the northern Ado&ea due to reduced harvests at €8.2
million per year, whereas additional fuel cost€460,000 were made as fishers needed to

fish further from port to avoid jellyfish.

Recent years have seen a blooming of non-markeéatrahs of jellyfish impacts, focusing on
beach visitors and local residents. Kontogianni Bmananouilides (2014) estimates in a
choice modelling survey that residents and tousakiag the coast of the Gulf of Lion are
willing to pay between €59.07 and €68.79 per hookkfeither as a one-off increase in next
year's water bill or a one-off fee paid to hotétsjeduce the frequency of jellyfish outbreaks
from nine in ten years to only one in ten yearsei@tandi et al. (2015) combined the
contingent behaviour and contingent valuation mgs$ho investigate the economic impacts
of jellyfish on beach tourism near Tel Aviv. Theidy estimates that a jellyfish bloom
reduces beach visits by 3%-10%, which correspaomdsnonetary loss between €1.8 million
and €6.2 million. In a choice modelling survey amoesidents of the Bay of Santander area,
Remoundou et al. (2015) investigate respondentd® Wéi reducing the frequency of beach
closures due to the occurrencePdiysalia physalis which is currently estimated at 15 days

per year. With an annual payment for the coming figars as bid vehicle, the authors

! AlthoughPhysalia physaliss taxonomically not a true jellyfish but a coloafysiphonophores we will treat it
as a jellyfish in this review.
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estimate that respondents are willing to pay €2ar&8€30.33 for a reduction to 10 days per

year and 5 days per year, respectively.

Toxic algae are a health risk for shellfish constsvand tourists, and have a direct impact on
wild and cultured fish and other commercial maanémals (Table 3). Landsberg (2002)
provides a global overview of HAB events and tlegionomic impacts on fisheries and
aquaculture. The most dramatic impacts were redardeslation to an outbreak dloctiluca
scintillansin the Pei Hai Sea with impacts of US$ 100 milltorshrimp mariculture (Chen
and Gu, 1993), and an outbreakGafchlodinium polykrikoides Korea that caused losses to
fisheries estimated at US$95.5 million (Kim et 4P99). A later study estimated the latter
outbreak's impact on aquaculture at US$60 millidark et al., 2013). Hoagland and Scatasta
(2006) estimate the average annual economic efté¢i®\Bs at 2005 US$813 million in the
European Union and 2005 US$82 million in the Uni&tdtes; these effects largely regard
losses of revenues in the tourism and shellfishsirtes and the medical costs of shellfish
poisoning. A later study by Hoagland et al. (2044ggests that the annual costs of
respiratory and digestive illness along the Gula§&®f Florida caused by bloomsKdrenia
Brevisamount to US$60,000 to US$700,000. Larkin and Aslé2007) studies the economic
impacts of HABs on local businesses in two zip sadeFlorida and estimates that on
average a red tide event depresses local restamdddging revenues by about US$6.5
million per month. Jin et al. (2008) describe adoioevent in New England that led to
widespread closures of shellfish fisheries, withreaonomic impact ranging from at least
US$2.4 million in Maine to up to US$18 million inddsachusetts. Dyson and Huppert
(2010) studies the direct impact of closures ofrdweeational razor clam fishery in

Washington State, as well as its wider impactsupnout the local economy. The authors

13



estimate that closing an average harvest openidgd@ys) costs about 2008 US$4 million,

whereas closing the harvest for an entire yeasaizbut 2008 US$20.4 million.

Stated preference studies on HABs have estimagganelents' WTP at €9.73 at once for a
programme that keeps Bulgarian beaches free of lallgams (Taylor and Longo, 2010); €76
per year for prevention and control measures agkiABs in the province of North Holland,
The Netherlands (Nunes and van den Bergh, 200d)upro €666 per year in Finland to
reduce the biomass of cyanobacteria by up to 3586€Kius, 2010). Even taking into
account the difference in price level between Brggand Finland (a conversion factor of 2.4
in 2010-2014: World Bank, 2015), this suggests @ewiariety in respondents' WTP for
reducing the frequency of HABs. The effects onltmal economy in coastal recreational
regions may also be substantial: Morgan et al. @2@%timate in a choice modelling survey
that about 70% of respondents would change thaictbgoing plans in the event of a red

tide.

2.2.2 VECTORS contributions

Within VECTORS two choice modelling surveys haveestigated the impact of HABs on
recreation values. The first estimates the impakcgsllyfish on the Spanish coast of
Catalonia, whereas the second focuses on the impafitamentous algae in the Gulf of

Gdaask.

Jellyfish along the Catalan coast
So far economic valuations of losses in recreatiealae due to jellyfish blooms have been
rare. Under VECTORS, Nunes et al. (2015) addretsedjap for the coast of Catalonia,

Spain, by estimating how much beach visitors atkngito spend, in terms of reported extra

14



travel time, for lowering the risk of jellyfish duteaks. The Catalan coast constitutes a world-
leading coastal tourist destination with 263.7 iarllregistered recreational beach visits in
2012, so its economy may be severely impactedllyfigh outbreaks. Nunes et al. (2015)
carried out a choice modelling survey in which édgpondents were presented with a
number of choice sets between a beach destinattbrawlow" risk of jellyfish blooms (two
days per week or less), a beach destination wikiigh" risk of jellyfish blooms (five days

per week or more), or not going to the beach atdher attributes of the beaches included
water transparency, services, and additional trawed (the payment vehicle). Data were
analysed with a conditional logit model and a ranqmarameter logit model for the main
effects and interactions between jellyfish risk andvey characteristics (whether the survey
was taken on Blanes, which is a particularly loskibeach; whether the respondent ever has
been stung by jellyfish; whether the respondeatlmscal resident). The results suggest that
respondents were willing to spend on average artialal 23.8% of their travel time to visit

a beach where jellyfish outbreaks occur in two dasweek or less. The authors estimate
the annual economic gains associated with reductigeilyfish outbreaks on the Catalan

coast of around €422.57 million, or about 11.95%oafism expenditures in 2012.

Filamentous algae in the Gulf of Gdansk

Outbreaks of filamentous algae in the Gulf of ésdain Northern Poland, which mainly
includes brown algadegCtocarpusPilayella), are driven by increased eutrophication, high
temperature, and calm windless weather. In sucHitions, filamentous algae grow fast on
hard substrata and create algal mats, which aeelied and float towards the shore. They
create problems to seagragsgtera marinameadows as they cover the seagrass leaves,
reduce light and mechanically disturb plants. Thaaés are also a problem for recreational

beaches as they easily decay and form local amoxiditions. WherZosterameadows are
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dense and healthy, they can easily compete waméhtous algae for nutrients, and as a
result they inhibit the development of outbreakcspe When seagrass is weak, filamentous

algae benefit as they are faster in nutrient admpns(Westawski et al., 2013).

So far, few studies have attempted to estimatenthigetary value of seagrass restoration, nor
the economic impact of filamentous algae. WithinGAEDRS, Boérger and Piwowarczyk
(Forthcoming) conducted a choice modelling survéyctv aimed at assessing the value of
expanding underwater seagrass meadows. Direcviexnes with households in the region
adjacent to the Gulf (N=500) were employed to epceferences regarding a seagrass
restoration programme. The payment vehicle regaadedste water treatment fee, and the
survey data were analysed with conditional logd emxed-logit models. Besides values for
water purification and the opportunity for recreatand tourism provided by seagrass, the
study found significant WTP of respondents for@uition of filamentous alga&¢tocarpus
andPilayella). While annual WTP for a reduction of filamentalgae from 30,000 to

10,000 tons per year is €14.48, WTP for a largéucgon down to 1,000 tons is not
significantly larger (€15.63). A possible explanatis the small difference in impact as
explained in the survey: a reduction from 30,00%stto 10,000 tons eliminates the
immediate nuisance as no more algae are preseamtdalose to the shore, whereas a further

reduction to 1,000 tons only affects regions furtngay from the shore.

Table 2: Estimates of economic impacts of jellyfishibreaks cited in this review, with their equesal in 2010 Purchasing

Power Parity dollars

Source Description Estimate Estimate in PPP
(constant 2010

international $)

Kawahara et al., Damages to fisheries in Aomorigmterre, US$ 20 min $ 19.06 min

16



2006 Japan, in 2003 dueNemopilema nomurai
Kim et al., 2012 Losses in fisheries revenues id62R010 in | US$ 68.2- $ 95.38-286.13
Korea due to jellyfish species such as 204.6 min min
Aurelia auritaandNemopilema nomurai
Quifiones et al., Lost revenues in Peruvian anchovy fishery US$ 0.2 min $0.43 min
2013 due to several jellyfish species in 35 days pf
survey in port of llo
Kontogianni and | Average one-off Willingness To Pay per | € 59.07-68.79 | $69.69-81.16
Emmanouilides, respondent for reducing frequency of
2014 jellyfish outbreaks in the Gulf of Lion from
nine to one in ten years
Palmieri et al. 2014 Reduction in annual fish caikts € 8.66 min $11.09 min
avoidance costs in the northern Adriatic
trawling fleet due to jellyfish such &
Noctiluca
Ghermandi et al., | Loss in beach recreational consumer surp|ufk.S 8.9-31.1 | $2.06-7.19 mIn
2015 in Tel Aviv due toRhopilema nomadica min
Remoundou et al., | Annual WTP per respondent for reduction |o€ 25.23; € $39.28; $47.22
2015 Santander beach closures du®hysalia 30.33
physalisfrom 15 days per year to 10 and 5
respectively
Nunes et al., 2015 Estimated total annual Willirgmn€o Pay | € 422.57 min $587.25 min

of Catalan coast visitors for reduction in

jellyfish prevalence

Table 3: Estimates of economic impacts of harmifgs@ cited in this review, with their equivalent2@10 Purchasing

Power Parity dollars

Source

Description

Estimate

Estimate in PP

(constant 2010
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international $)

Chen and Gu, 1993 Losses in Pei Hai Sea shrimgotanie in | US$ 100 min $ 463.73 min
1989-1990 due tbloctiluca scintillans
Kim et al., 1999 Losses in Korean fisheries in 1696 to US$95.5min | $171.16 min
Cochlodinium polykrikoides
Hoagland and Annual economic impacts of HABs on US$ 11 min $12.40 min
Scatasta, 2006 public health in the European Union
Hoagland and Annual economic impacts of HABs on US$ 147 min $ 165.74 min
Scatasta, 2006 commercial fisheries in the European Unign
Hoagland and Annual economic impacts of HABs on US$ 637 min $ 718.19 min
Scatasta, 2006 recreation and tourism in the European
Union
Hoagland and Annual economic impacts of HABs on US$ 37 min $40.72 min
Scatasta, 2006 public health in the United States
Hoagland and Annual economic impacts of HABs on US$ 38 min $41.82 min
Scatasta, 2006 commercial fisheries in the United States
Hoagland and Annual economic impacts of HABs on US$ 4 min $4.40 min
Scatasta, 2006 recreation and tourism in the United States
Larkin and Adams,| Loss in local restaurant and lodging revenué$S$ 6.5 min $8.73 min
2007 in Ft. Walton Beach and Destin, Florida, in
the event of &arenia brevisbloom
Jin et al., 2008 Lost shellfish fishery revenuesdastal US$ 2.4 min $ 2.64 min
Maine due to a 200Blexandrium fundyense
outbreak
Jin et al., 2008 Lost shellfish fishery revenuesadastal US$ 18 min $19.81 min
Massachussetts due to a 2@08xandrium
fundyenseutbreak
Dyson and Regional economic impact of beach closunedS$ 4 min $ 4.08 min

Huppert, 2010

of 4-5 days due tB@seudo-nitzschiand

Alexandriumoutbreaks
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Dyson and Regional economic impact of beach closuredS$ 20.4 min | $20.81 min
Huppert, 2010 of 1 year due t®seudo-nitzschiand

Alexandriumoutbreaks

Kosenius, 2010 Average annual Willingness To Pay pe | € 210-666 $ 249.69-791.86
household for a reduction of cyanobacteria

biomass by 15-35% in the Gulf of Finland

Taylor and Longo, | Average one-off Willingness To Pay per | BGN 18.97 $38.35
2010 respondent for elimination of HABs in

Varna Bay, Bulgaria

Park et al., 2013 Losses in Korean aquacultureg@agl 995 | US$ 60 min $ 108 min

Cochlodinium polykrikoidebloom

Hoagland et al., Annual costs of illness due Karenia brevis| US$ 60,000- | $ 56,901-663,846
2014 outbreaks in the Florida Gulf Coast 700,000

Borger and Average annual Willingness To Pay for €14.48 $30.93
Piwowarczyk, reduction of filamentous algae in the Gulf of

Forthcoming Gdansk from 30,000 to 10,000 tons per year

2.3  Gradual changes in species distribution and prodtyct

2.3.1 Estimates in the international peer-reviewed li@e

Global change in the climatic and biophysical emwiment will likely affect marine
ecosystems in a variety of ways, including risieqperatures, enhanced stratification,
dropping oxygen levels, and declining pH (Donewlet2012). These changes will affect
commercial fish stocks, which may shift towards ploées or to deeper depths. Moreover,
rising temperatures and eutrophication can poténtarsen the aforementioned issues of
marine invasive alien species, HABs, and jellyfioms (Stachowicz et al., 2002;

Richardson et al., 2009; O’'Neil et al., 2012).
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Sea level rise is prominent in the literature amelsonomic effects of climate change on
coastal zones, and it is projected to cause damagles order of magnitude of billions of US
dollars (Bosello et al., 2007; Bosello et al., 20dihkel et al., 2014). Available studies of the
economic impact of climate change on fisheriegpatehy (Sumaila et al., 2011). Garza-Gil
et al. (2011) estimates that annual profits inEheopean sardine fishery may drop from
about € 38 million in 2010 to about € 30 million380(in the price level of 2010), as sardines
are sensitive to rising temperatures. Assumingebemmended social discount rate in EU
cost-benefit analyses (EC, 2014) of 3%, the lopsgiected in Garza-Gil et al. (2011)
between 2010 and 2030 amount to a present valakarft € 64 million. Although ocean
acidification is likely to have severe economic anpon fisheries and tourism (Rodrigues et
al., 2013; Voss et al., 2015), the information ssegy to economically assess these impacts

remains limited (Hilmi et al., 2013).

2.3.2 VECTORS contributions

Economic research within VECTORS investigating gedadhanges in species distribution
and productivity focused on three main issuesinipacts on fisheries of spatial shifts of
commercial fish populations; (2) impacts on thespreee of charismatic species; and (3)

economy-wide impacts of climate change through ctgpan fisheries and tourism.

Impacts on fisheries of spatial shifts of comméirits populations

Impacts on fisheries were analysed with the bioesoa models FISHRENT (Salz et al.,
2011; Simons et al., 2014) for the North Sea sdisinery, SIMFISH (Bartelings et al., 2015;
Bartelings and Hamon, 2015) for the North Seaiflathnd shrimp fishery, and MEFISTO

(Maynou, 2014) for the Mediterranean fisheries. @halyses focused on the ecological,
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political and economic changes between 2010 an@ 26&ording to the scenarios specified

in Groeneveld et al. (This issue).

Saithe is of major economic importance for Nortl 8gheries, with landing values in the
German fleet of 11.1 million Euros in 2013 (STE@BP14). The North Sea saithe fishery also
represents a problematic case, however, due itaniial catch of cod, which Total
Allowable Catch (TAC) in the last two years was @@ third of that of saithe in the North
Sea and Skagerrak (ICES, 2013, 2014), indicatiagttite cod quota may be exhausted faster
than the saithe quota. Simons et al. (2014) siredlt#te degree of spatial overlap of saithe
and cod under a northward shift of cod (e.g. Ergyellet al., 2014). The study found that
decrease of profits is less in Global Community)(&bout €50,000, i.e. 3% of current
profits) than in National Enterprise (A2) (abouB8]000, i.e. 8% of current profits) because
of higher stock spawning biomass (SSB) of saitwel fishing effort and lower fuel prices

in B1. The higher SSB of saithe in B1 is partly ®=di by a seasonal closure of the spawning
ground of saithe assumed in the B1 scenario (seer@veld et al., this issue). Average
fishing effort between 2007 and 2050 is 13% higheA2 and 12% lower for Global
Community (B1) than in the present situation. Tikisaused by the fact that on average SSB

of saithe is 19% lower for A2 and 6% higher for tB&n in the present situation.

Compared with a base scenario with no changeslicypworld fuel and food prices, or
biological parameters, the SIMFISH results for Noeth Sea flatfish fishery show an
increase in profits in the A2 scenario and a dedimthe B1 scenario (Bartelings and Hamon,
2015). Under a 3% discount rate (EC, 2014), thegaevalue of profits projected between
2010 and 2050 are about € 538,000 for the basesoef 581,000 for the A2 scenario, and

€ 459,000 for the B1 scenario, respectively. Weukel and fish prices have the biggest
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impact of all factors included in the model. Keegpall other factors as in the base scenario,
the projected displacement of sole and plaice tthe areas of the North Sea reduces
projected profits by between 1% (A2) and 2% (B19sing parts of the North Sea to fishing
has a somewhat bigger impact (-3% and -7% for ARBih respectively). In the A2 scenario
the increase in fish prices more than compensatdbdse losses, as it would increase profits
by 16% if all other factors were kept equal; in Biescenario rising fuel prices lead to a
decrease in profits by 3%. It should be noted, h@rehat the joint impact of these three

types of changes differs from the sum of impactthefthree isolated changes.

The main fishing fleets in the Western Mediterranaee bottom trawlers and purse seiners.
Projections with the MEFISTO model of annual pofit 2050 suggest that profits are much
higher in the B1 scenario than in the A2 scengr@otly because of stricter fishing policy and
partly because of lower fuel prices. For purseesfigets annual profits are projected at € 16
million (A2) and € 49 million (B1), compared to thase scenario were profits are estimated
at € 6 million. For the trawl fleet the projectiosisggest annual losses of € 46 million (A2)
and annual profits of € 329 million (B1) comparecttrrent annual profits estimated at
about € 200,000. This large difference in projegedfits is likely due to the high sensitivity

of trawl fleets to fuel prices.

Effects on charismatic species

Two choice modelling surveys carried out under VBRES estimated the non-use values of
charismatic species on the Wadden Sea and the Ukfphe Dogger Bank. The Wadden
Sea study (Schasfoort and Van Duinen, 2015) coresidgeals and birds in a choice
modelling survey to assess whether tourists afengilo pay to avoid a decrease in number

and diversity of these species due to climate chaAljhough there is no agreement yet
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about the impact of climate change on birds ants sedahe Wadden Sea, the study
distinguished, together with experts, two possdftects of climate change on these species.
First, mud flats in the Wadden Sea may not keep paih sea level rise (Wang et al., 2012),
which may impact hibernating places for birds ancsary places for seals. Second, birds
may face a decrease in food availability (van Raoeteal., 2012; Clausen et al., 2013). This
has been translated in three different attributelfecorresponding with the current situation,
a low climate change scenario and a high climadeato. Tourists were asked to state their

WTP to avoid a high climate change scenario.

Results from a mixed-logit model indicate that tetsrare willing to pay the most to obtain a
stable bird population instead of a decreasing |adjon (€ 7.72 per tourist per day),
followed by a limiting the decrease in number ane ity of birds to a small decrease

(€ 5.72 per tourist per day). In addition, touristsre willing to pay € 4.72 per day for a
stable seal population, whereas the WTP was €@&R#ourist per day to obtain an increase
in abundance instead of a decrease. What is reblarisathe preference of tourists for the
stabilisation of the seal population instead ofnghg suggesting that tourists prefer a

balanced ecosystem to seeing a seal more frequently

The UK choice modelling survey by Borger et al.}2Dfound that the value of charismatic
species by far exceeds the value of general spésiessity. Members of the general public
were willing to pay £24.02 (€28.66) annually totet porpoises, seals and seabirds on 25%
of the UK’s Dogger Bank area. This contrasts with'&P of only £4.19 (€5.00) for a 10%
increase in general species diversity. The WTRHemprotection of charismatic species on

50% of the UK’s section of the Dogger Bank, howeweas £30.32 (€36.17).
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The WTP for conservation of charismatic speciesigscestimated in these two choice
experiments appears to be near the lower end ohtige of values for threatened or
endangered species found elsewhere in the literéRichardson and Loomis, 2009). Two
caveats are warranted, however, when comparing staslies. First, thennual WTP found
by Borger et al. (2014) for conservation of chaasimspecies is only one order of magnitude
higher than thelaily WTP found by Schasfoort and Van Duinen (2015 itferent, albeit
still charismatic species groups. This could beréseilt of respondents' weak scope
sensitivity or genuine diminishing returns to saal€harismatic species conservation (see
e.g. Lew and Wallmo, 2011), or of other differenbesveen the two cases. Similar
differences between monthly and annual paymentalaoereported by Richardson and
Loomis (2009). Second, the values reported in npoktications, notably those cited by
Richardson and Loomis (2009), regard single spewibereas Borger et al. (2014) and

Schasfoort and Van Duinen (2015) value conservati@pecies groups.

Economy-wide impacts

Computable General Equilibrium (CGE) models aredasingly used in the economic
assessment of climate change impacts (see e.giband Tol, 2001; Bosello et al., 2012;
Eboli et al., 2010; Ciscar et al., 2011). Thesetragctor, multi-country models describe
how economic consequences of climate change spreadationally and intersectorally, and
estimate the final GDP and welfare effects. WiMEBECTORS the recursive dynamic CGE
model ICES is applied to assess the medium-ter®02€conomic effect of future changes
in the EU marine ecosystem in the Western Medieaa, the North Sea and the Baltic Sea.
The ICES model was calibrated to replicate forgagod 2010-2030 the population and
GDP growth rates of the SRES A2 and B1 scenarieki@¢novic et al., 2000), on which the

VECTORS scenarios are based (Groeneveld et a.is$uie). Focusing on the fishing and the
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tourism sectors, important variables for the analgse projected fuel and fish prices, as well
as changes in stock abundance. Therefore, prapsctis economic variables in scenarios A2
and B1 were "perturbed" in the ICES model for aréase in fish stock abundance due to

overfishing and natural drivers related to climetteange, such as invasive species.

The results suggest that Gross Domestic ProdugUatoastal states is negatively affected
with larger losses associated with decreases mstawdemand. This is explained by the

much higher contribution of tourism to value adtleah fisheries. Impacts are generally
more negative in the A2 scenario than in the Bhage. The largest absolute GDP losses in
2030 related to fishing activity compared to theddme are experienced by France (A2: $4.1
bin; B1: $ 2.2 bin). It should be noted howeveattthe fishing sector contributes a small
section of national GDP in all countries concersedhat compared to the overall size of the
economy these losses are less than a half pewreait tountries considered. The biggest
absolute losses related to tourism are experiebgé&dermany (A2: $ 37.7 bin; B2: $ 30.9
bin); Italy suffers the biggest losses compareithéooverall size of its economy (about 1% in

both scenarios).

CGE models are helpful to highlight and quantifg tble of indirect economic effects and
the overall order of magnitude and direction of phenomena analysed, but the results
should not be considered as exact quantificatibhey assume perfectly competitive
markets, perfectly rational agents and exogenatmtdogical change, and thus represent
ideal situations far from real-life economic sysgefiRurthermore their evaluations are based
upon GDP which records just what occurs in measeiralarket transactions and thereby
excludes such economic activity as volunteer wbdkisework, and illegal transactions.

Nevertheless, these results indicate that chamgesirine ecosystems can have wide macro-
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economic effects, and, although these may appdaze sonall in terms of national GDP, they

are far from negligible at the sectoral level.

Table 4: Estimates of impacts of gradual changepaties distribution and productivity cited insthéview, with their
equivalent in 2010 Purchasing Power Parity dollars

Source Description Estimate Estimate in PP
(constant 2010
international $)

Garza-Gil et al., Present value (discount rate 3%) of profits | € 64 min $ 76 min

2011

losses in the European sardine fishery
projected over 2010-2030 due to rising

temperatures

Borger et al., 2014

Annual willingness to pay totpct
porpoises, seals, and seabirds on 25% and

50% of the UK part of the Dogger Bank

£24.02; £ 30.32

$32.90; $ 36.17

Borger et al., 2014 | Annual willingness to pay fOf4d increase in| £ 4.19 $5.00
species diversity in the UK part of the Dogger
Bank
Buisman et al., Change in profits in the Western A2: -€ 46 miA A2: -$ 60 min
2014 Mediterranean trawl fisheries between 2015 B1: € 329 mlf B1: $ 426 min
and 2050 under scenarios A2 and B1
Buisman et al., Effects on the Western Mediterranean purse A2: € 10 mif A2:$ 13 min
2014 seine fisheries under scenarios A2 and B1 | B1: € 43 mift B1: $56 min
Simons et al., 2014  Decrease in annual profitsmtiNSea saithe| A2: € 133,000 A2:$ 153,267
fishery under scenarios A2 and B1 B1: € 50,000 B1l::$57,619
Bartelings and Present value (discount rate 3%) of change|ii2: € 43,000 A2: $ 51,293
Hamon, 2015 profits North Sea demersal fisheries under | B1: -€ 79,000 B1: -$ 94,236
scenarios A2 and B1
Schasfoort and Van Tourists' daily willingness to pay for (a) (a) €5.72 (a) $12.22
Duinen, 2015 limited decrease in bird populations; (b) (b)€7.72 (b) $16.49
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stabilisation of bird populations; (c) (c)€4.72 (c) $ 10.08
stabilisation of seal populations; (d) increase (d) € 3.24 (d) $6.92

in seal populations

ICES model Loss in GDP in the EU between 2015 and | A2: $ 36.4 bin A2:$ 36.4 bin
2030 due to ecological change under scenariB&: $ 32.2 bin B1: $32.2 bin

A2 and B1

2 Joint impact of ecological, economic, and polibarges

3 Management responses

3.1  Prevention of marine invasive alien species

Introductions can to some extent be prevented firdallast water treatment and controlling
biofouling (Reise et al., 1998; Minchin and Gollas2003; Olenin et al., 2010). Fernandes et
al. (2016) estimated that the costs of regular teasnce and cleaning to avoid hull fouling
can amount up to 5%-10% of annual costs (operdtahcapital amortization costs) for
smaller vessels and 1%-3% for larger vessels; thesteestimates, however, do not include
the disturbance of fleet operations by maintenamececleaning. The costs of ballast water
treatment systems (BWTS) are estimated to be oragedetween 1.4% and 2.9% of annual
operating costs depending on the type of ship @wetes et al., 2016). The proportion of
costs of BWTS of total shipping costs can be higoesome types of smaller ships (3.9%-

9.9%) than for bigger ships (Smith, 2013; Fernareles., 2016).

3.2  Mitigation and control of invasive and outbreakrdng species

Eradication of invasive species is usually exceglgtidifficult, but rational policies can entail
reasonable control to limit their impacts. In th@meconomic analysis of the management of
the invasive slipper-limpeQrepidula fornicatd in the Bay of St-Brieuc, France, Frésard and
Boncoeur (2006) estimates that the aforementioner@ase in annual scallop harvests of

€ 35.5 million due to control of the species (adse Table 1) can be attained at an annual
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control cost between € 4.3 million and € 6.9 millidepending on the assumed harvest

function.

Richardson et al. (2009) describes a wide ranghaoit-term control measures of jellyfish,
including destroying jellyfish with cutting netgmoving polyp beds by cleaning artificial
hard structures, using biocontrol agents, and prtewg introduction of invasive jellyfish
through hull-cleaning and ballast water treatm&he article also indicates, however, that
many questions remain regarding the effectivenedgassible side-effects of these
measures, which possibly explains the paucity ohemic analyses of jellyfish control
measures in the scientific literature. In the lé&gn reducing eutrophication, reducing
overfishing, and minimising global warming will beeded to prevent jellyfish blooms from

forming.

The VECTORS choice modelling survey carried outatalonia (Nunes et al., 2015)
underlined the urgency to provide daily informatieith social media applications or other
technical devices. Tourists usually do not know thilbea jellyfish bloom is taking place at
the beach of their destination, until they actualigve. Therefore, providing such
information in real time can help them avoid jakyf-infested beaches. An example of this
type of public policy mechanism is the MedJelly leggition (Marambio et al., 2013), which

is made available as a smartphone application®@yéme of ‘iMedJelly’. This application
provides daily observations on the status of thi&al@a beaches, including information on the

presence of the jellyfish outbreaks.

With regard to management of HABs, Anderson (2@k$jnguishes prevention, mitigation,

and control measures. Prevention entails addredswers of HABs, such as nutrient
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discharge, although much is yet unknown regardiedink between HABs and the
biophysical environment. Mitigation, i.e. dealinghlvan ongoing bloom and its negative
impacts, entails the detection of dangerous tewelk in shellfish, harvesting restrictions,
and moving fish pens away from bloom sites. Beiolg o predict HABs accurately enables
authorities to impose mitigation measures on tithereby enhancing their effectiveness. Jin
and Hoagland (2008) investigates the economic vafiaeprediction system that enables
shellfish farmers in the Gulf of Maine to harvesekfish in advance of closure. If predictions
are 100% accurate and blooms occur on averageimhee years, the prediction system is
worth more than 2005 US$3 million per year in ttegess of Massachusetts and Maine. This
value, however, declines rapidly with lower accyrand bloom frequency. Lastly, control
measures, i.e. measures to limit or reduce theodiaebloom, include mechanical, biological,
chemical, genetic and environmental interventigagderson, 2009). So far, however, only
mechanical measures have been applied on a samtifscale, namely dispersal of clay
particles to remove harmful algal cells from theevaolumn. Park et al. (2013) estimate that
treating 26 m? (3.2 knf) with clay particles costs between US$37,700 aB&12,160 per
day; the authors indicate that clay dispersal bdaaed economic losses due to HABs by

more than 80% during earlier blooms.

Table 5: Cost estimates of policy responses citedisnreview, with their equivalent in 2010 PurdhgsPower Parity
dollars

Source Description Estimate Estimate in PPP
(constant 2010

international $)

Frésard and Boncoeur, | Costs of controllingCrepidula €43 min-€6.9min| $5.64 min -

2006 fornicatain the Bay of St-Brieuc, $9.06 min
France

Park et al., 2013 Daily costs of treating 20 (3.2 | US$ 37,700 - $ 67,568 -
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km?) with clay particles to US$ 72,160 $ 129,329

remove harmful algal cells

Fernandes et al., 2016 Costs of regular maintenamde| 5%-10% of annual | -
cleaning to avoid hull fouling costs for smaller
vessels; 1%-3% for

larger vessels

Fernandes et al., 2016 Costs of ballast watemexait 1.4%-2.9% of annual| -

systems shipping costs

4 Discussion, conclusions, and recommendations foinduresearch

Marine ecological change will likely impact econ@miell-being in many coastal regions
around the world. Economic research to quantifgenenpacts can facilitate decision-making
processes on policy priorities and measures takEnt In this review we provide an
overview of studies on the economic impacts of stiednges, particularly those of invasive
alien species (IAS), harmful algal blooms (HABS)daradual changes in species

distribution and productivity.

Our review reveals largely three approaches to tifyahe economic impact of marine
ecological change. The first is to measure the ahpiactual events (e.g. Kawahara et al.,
2006; Jin et al., 2008), which has the benefitehf based on actual observations, implicitly
including some of the behavioural responses byuresausers, such as relocation of fishing
activities. Behavioural responses that are usuntyconsidered include consumers
substituting the affected species by other speties.second approach is to model the
ecological relations and economic linkages, ranfiom single-species, single-fishery
bioeconomic models (see e.g. Knowler, 2005), taiispécies, single-fishery models (see
e.g. Bartelings and Hamon, 2015), to multi-sectarggal equilibrium models like the ICES

model (Bosello et al., 2012). This approach cae tako account a wide variety of
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mechanisms, including population dynamics, fistedrdviour, and market responses. The
third approach is to conduct surveys among ind&idesidents, tourists, and other recipients
of the ecosystem services impacted by marine emalbghange. The majority of such
approaches estimate individuals' WTP for a redaadioharmful impacts (see e.g. Taylor and
Longo, 2010; Borger et al., 2014). This allowstfoe estimation of non-use values, unlike
travel cost studies such as Ghermandi et al. (20 ¥ocus on use values, i.e. tourism.
Survey-based approaches can capture consumer behéwpothetical in choice
experiments; actual in travel cost surveys), batrttethodological limitations of these studies

are well-documented (see e.g. Hausman, 2012).

Of the three changes we consider, invasive aliegisp and outbreak-forming species have
in common that they entail an enhanced abundanaénafmful species or group of species.
Indeed, the two overlap to some extent as somaiveapecies are problematic due to their
outbreak-forming nature: some problematic jellyfisbtablyMnemiopsis leidyiare invasive
alien species. Gradual changes in species compositid productivity take place on a longer
time scale with less empirical evidence to drawTdns makes it more difficult to estimate
their impact and requires the use of future prapastsuch as model studies and hypothetical
survey questions. Nevertheless, the main drivgradual changes, namely the changing
global climate, may also enhance the other two gbanThis illustrates that the three
changes discussed in this review should not beideresl in isolation, but are mutually

dependent.

Our review suggests that the fisheries sector giffeost from impacts on commercial fish
species through predation and competition by imeasr outbreak-forming species. This

includes exotic species likerepidula fornicataor Mnemiopsis Leidyibut also indigenous
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species likéP. noctiluca For shellfish fisheries harmful algae are mosbfgmatic as they
can poison shellfish or make them unfit for constiamp Some invasive species, such as
Eriocheir sinensior Crassostrea gigaslso have a commercial value. The small shatlkeeof
fisheries sector in most economies suggests thaetimpacts will be small on a national
scale, but as some regions depend heavily on §ighmlocal impacts can still be serious.
The impact of spatial shifts of commercial fishck® under climate change is likely to be

small in comparison with the impact of the possifilanges in fuel and food prices.

Tourism appears to be impacted mainly by jellysid algae species, and the non-market
valuation studies cited in this review suggest thay can have serious impacts. For the
invasive shellfish species considered in VECTOR&ssostrea gigahowever, the impact
on tourism does not seem to be significant, deshéenjuries observed in Dutch beach

tourism regions.

Our review also suggests a number of areas whetesfteconomic research is warranted.
First, although the effects of marine ecologicarmde on the wider economy have been
studied earlier (see e.g. Ciscar et al., 2011etal., 2012), invasive or outbreak-forming
species have not yet received much attention #litlerature (see e.g. Dyson and Huppert,
2010; Nastav et al., 2013). Second, more econonalyses are needed of prevention,
mitigation, and control measures, preferably io@a cost-benefit analysis. This seems
especially relevant for jellyfish and harmful alggdoms, which can be controlled by a wide
variety of yet underdeveloped measures. Sociatlmasefit analysis of generic prevention
measures of invasive alien species, such as balst management, will be much more

difficult because of the wide variety in potenyalhvasive species, and the difficulty of
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predicting their impact. Nevertheless, social dustefit analysis could help policy-makers in

setting priorities in marine policy.
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