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Abstract

As part of the Caribla Track of the Pilot Programme f@limate Resilience a seriedg ecological,
economic and social assessnsasftclimate change impactsr marine resources and the fisheries sector
were undertaken between March 2018 and January Z0i9synthesis providesl conclusions arising

from theassessment of (1) climatesks and ecological impacts f@aribbean marine fish stock®) the
economic consequences of ecosystem shifts and of increased tropical cyclone activity and (3) fisheries
viability and resilience through the lengvalue chainsOverall, multiple lines bevidence suggest large

risk and impacts of climateariation on the CaribbeastBea dés f i sh s t.cEcokasnic and
assessment results suggearge pree x i st i ng A a d asphe astimatestonanée impacts of 0
climate changeappear smallrelative to documentedlosses and damagesaunder current climate
conditions. Research at two local fishing sites reveals opportunitigagmove climate resilience across

the seafood value chain by empowering resource users torgglfiize and builtbcal adaptive capacity,
promoting seafood product differentiation and identifying enablers for governance effecti@messl
improvements and extensions to the ecological and economic modelling undertaken under this project are
possible and recommenddthwever, sufficient informatiofrom this and previous research is available

to inform adaptation planning and targeted measures. Assessment results will form the basis of a
communications campaign and monitoring and management recommendations underfzeroiathe

project.

1 INTRODUCTION

The impacts otlimate change for fisheries production and the sthiearine ecosystems are a mounting
concern(Brander 2010; Cheunget al, 2010; Baranget al, 201§. Small changes in environmental
conditions, sah as temperature, salinity, wind and ocean currents, can alter the abundance, distribution
and availability of fish populations (Mcllgoret al, 2010).The increasing frequency and/or intensity of
extreme climatic events can affect fish habitat, proditgtor distribution, as well as have direct impacts

on fishing operations and the physical infrastructure of coastal communities, (E343). Many
fisheriesdependent communities already live a precarious and vulnerable existence because of poverty,
lack of social services and essential infrastructure (F2W1.6.

Negative impacts on marine resources and fisheries from climate change are already evident in the
Caribbean (Oxenford & Monnereg2018)and combine with existing threats from coastal developmen
pollution and overfishing to affect ecosystemsmowunities and economies.isible and documented

climate change impactsclude coral bleaching, increasing frequency rafjor $orms andhurricanes,

rising sea levels and beaching of masses of Sargassuhe Caribbean region, marine biodiversatyd
ecosystems are critical to human wa#ing as they provide security, food and livelihood opportunities

for coastal inhabitants as well as a source of foreign exchange through ecosystem services such as
fisheries and tourisnkisheries employ nearly 200,000 people in@aibbean Community, earning US

1
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$5 billion to $6 billion per year in foreign exc
protein intake (Nurse2011). Fisheries overexploitationincluding illegal unreported and unregulated

(IUV) fishing, pollution of coastal waters, invasive species, habitat destruction and coastal erosion are
threats to the sector. The FAO (2016) estimates that approximately 55 percent of the commercially
harvested fisheries stocks in the region are already overexploited or depleted and some 40 percent of the
stocks are fully exploited (FACR016). Reef fisheries (e.g., snapper, grouper, lobster, conch), which
support the majority of livelihoods in Caribbeanhfisies have been particularly badly affectka: to

both their accessibility from shore and the compounding effects of reef, mangrove, and seagrass habitat
loss (Oxenford& Monnereau2018) In addition, IUU fishing is estimated at between 20 and 30 percen

of total reported production levels (FAQ016). Climate change adds to the challenge of sustainably
managing fisheries and aquaculture in the Caribbean.

Because of the sector6s economic, social end ecol
need to improve understanding of climate risks and potential impactgllas he sect or 6s vulr
and options to enhance climate resilience. The -Weerican Development Bank has invested in
supporting the regi gmgdgiastfuading forah€aribbeam RegionaleTrack efthet hr o u
Pilot Programme foCl i mat e Re s i | i EisheryReldteB Bdol&yg)cal and HoekEcamomic
Assessments of the Impacts of Climate Change and Variability and Development of an Associated
Monitoi ng Systo¢egmectojé¢cthe) pdel i vers on the PPCR regi
Office for Research and Innovation (MORI) at the University of West Indies at Mona, Jamaica, and with

the Caribbean Regional Fisheries Mechanism (CRFM) as thepgementerthe poject aims to improve
availability and usesmdrtionfplramaniimngn ddmd mMandagmeamen
aquacultue sector in the CaribbeaResearch activities and stakeholder engagemerdeateredon the

following six climatesensitive countrie¢ r ef erred t o a fAThaGoemosnwealtd gf c ount
Dominica, Grenada, Haiti, Jamaica, Saint Lucia, and Saint Vincent and the Grenadines TB¥G).

project began in January 2018 and is scheduled to conclude inyJaagar

This Research Pap&ollectioni s a main out put of  tfoousedprrasspesementd s Wo
of climate change impacts onet fisheries resources and seatothe six case study countridscontains

the combined results of original@ogical and economic modelling as well as quantitative and qualitative

anal ytical approaches to increase the regionds un
of climate change. Regional and wai@tevel analyses and results predonténavith primary research at

two localfishing sites (Montego Bay, Jamaica; Kingstown, Saint Vincent and the Grenagings)ing

important insights from people on the front lines of climate chahlgis synthesisdraws insights across

scientific disciplhes, as a springboard for project activities related to communications and monitoring and
management recommendatiofi$ie rest of the synthesis is structured around-tggél conclusions,

supported by examples aikights fromindividual research papeis the Collection(labelled A, B, C

and D, respectively)

2 KEY MESSAGES

With this project, access to quantitative information on the ecological impacts to fisheries species

and socieeconomic impacts in the region under broad future climate has increaséd, B, C).

Studies on the impacts of climate change on fishery species in the Caribbean and on the social and
economic implications for the fisheries sector are scant (Oxenfovid@nereau2018). Research Papers

(A) and (B) in this Collection use stabé-the art ensemble modelling approaches and higher resolution

climate datasets than ever previously available for the Caribbean Sea to show that the region is projected

to become warmer, less oxygenated, with higher acidity and salinity levels, as weaMeasprimary

production throughout the 2Tentury. Specifically, the research team asses@dte change impacts

on 110 of the regionods k ey mlyr (1) pejecingpf@wcel oeean and a
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conditions throughout the region; (2¥se@sig the impacts of environmental changes to key marine

species; (3) determimg selected species future vulnerability as a result of projected environmental
changes, as wel |l as the speciesd sensi stimingty and
climate change i mpacts on t HDespite thglimagatiohsof rhoddlingr e f i s
approaches, these results currently represent the best estimate of ecological impacts to fisheries species in
the region under broad futurbneate and fisheries management scenarios.

Research paper (C) applies innovative approaches to estimate economic impacts on fishery production
from changing ocean conditions and from changes to the intensity of tropical cydbeesconomic

impacts of Emate-induced changes in fishery production (landings) are assessed using a market supply
demand model developegpecifically for each of the six PPCR countries. This market stgmtyand

model is an application of an analytical framework used for ecananpact assessment of fisheries
under climate change in the South Pacific. An important accomplishment in this research project is the
linkage across disciplines. Economic impact assessment built on the results of changes in potential catch
generated thrnogh ecological modelling. Economic impacts to fishery production from shifts in the
intensity of tropical cyclones use historical data to estimate the quantitative link between fishery output
and tropical cyclone intensity, adjusting the intensity metriadcount for the impact of climate change.

Both economic analyses generate estimates of direct as well as eeaftEmynpacs, using creative
approaches to confront data constraints.

Virtually no species, including commerciallyimportant fishery species are expected to be spared
negative impacts under a future climate. Climate change places most exploited species at high
conservation risk, as habitats become increasingly unsuitable (A, B).

Exposure, vulnerability and overall risk to climate hazards rivay, deoxygenation, acidification and
decline in net primary production) are expected to be high to very high across all species in the region
under both fAstr obhagndnift b-ageat o eobned ((RCHPR..5) car bon emi
responseo changing ocean conditions, marine species are projected tthsfiftlistributiors by tens to
hundreds of kilometergesulting in local species gains and extinctions that significantly reduce species
richness and change community compositionstvexpoited marine specids the regionwill be at very

high conservation risk because of climate change, with much of their current habitat becoming unsuitable
A large part of riskof marine species assemblage<limate change the Caribbean Seaa attributable

to the high biological sensitivity of tropical and sbpical species, with little tolerance to temperature
increases an@ strong dependence on particular habitats to successfully complete their life histories.
Table 1below includes values fandicators of climate vulnerability (1) and risk (2) as well as net change

in habitat suitability (3) by country.
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Table 1: Indicators of climate change impact on marine species and associated fisheries in the Caribbean Sea, broken down by country

Indicdor

Jamaica

Haiti

Dominica

St. Lucia

St. Vincent and the
Grenadines

Grenada

Median Climate
Vulnerability Index fi
Fished Specié400

57.5

(across 78 species)

56.5
(across 82 species)

56.4

(across 42 species

57
(across 72 species

55.5
(across 60 sgies)

55.0
(across 66 specie

MediaiRiskindex for

Fished SpecieS00 | 56 72 o4 o7 | 26 e1 77 84 | 26 &1 78 8 | 26 s 10 81 | 26 5 e 1 | 26 w0 66 78
85 73 87 87 85 63 78 86 85 71 83 97 85 63 78 87 85 58 75 85 85 59 76 84

&ln The Sum Of RCP 203@9 20569 RCP 203@39 20569 RCP 203@39 205659 RCP 203@39 205659 RCP 203839 205669 | RCP 203@9 20569
Speciesd 85 -18%  -29% 85 -25%  -29% 8.5 -21%  -49% 8.5 -26%  -39% 8.5 -32%  -47% | 85 -32%  -479
Suitability Index (HS

(relative to current HSI)

& I n Maxi RCP 20369 205659 RCP 203639 2059 RCP 203639 20569 RCP 203639 205669 RCP 20369 205669 RCP 203639 2059
Potential 2.6 -515% -1030% 2.6 -515% -1030% 2.6 -515% -1530% 2.6 -515% -1030% 2.6 -515% -1030% | 2.6 -515% -15309
(relative to 192000) 85 -1030% -2060% 85 -1030% -2060% 85 -1030% -3060% 85 -1030% -2060% 85 -1030% -2060% | 85 -1030% -30-609
Key Geographic Arg Offshore areas to the Offshore areas in @f de la| Offshore areagstr to the | Offshore areas to the souj Offshore areas to the eas{ Offshore areas to the

of Change within
National EEZs

northwest were projected
have both particularly hig
species gains (>50%) and

extinctions (80%), while
Pedro Bank may see
relatively lowematts in
terms of shifting species
composition and local
extinctions. Catches are
projected to decline in all
areas around the island,

particularly along the nortt

coast and Pedro Bank.

Gonavare expected to see t

greatesspecies gains {40
60%) and, to a lesser exten

extinctions (&0%), while the
north coasif Haitivill also see
a high proportion of species

extinctions with few gains.
Catches are projected to

decline in all areas around t

island

west side of the island are

expected to see modest
species losses {20%),

while offshore areas to the
southwest are expected tg

see the greatest species
gains (3@0%). Maximum

catch potential will remain

concentrated in eastern
offshore wate but overall
catches are projected to

decline to some degree in

areas around the island.

and west are projected to
have large species logsps
to 5660%) while limited
species gair8040%will
be concentratedimted
offshore areas east of the
island. Catches are projeg
to decline in all areas aro
the island, but especially t
thesoutlvest.

expected to see modest
species gairf2330%)while
species losségp to 50
60%)willbe seen in all
offshore areas surroundin
the islands, but will be les:
pronounced throughout th
Grenadine Bank. Catches
projected to decline in all
areas around the islands.

east and south are
expected to see mode
species gasii2040%)
while species los¢ap
to 5660%will be seen
in all offshore areas
surrounding the island
but will be less
pronounced throughot
the Grenadine Bank al
in southernmost areas
the EEZ. Catches are
projected to decline in
areas arourbte islands

RCP=Representative Concentration PathikyP 2 . 6

and

R C P 8lowsrangee/ptiofgmitigationd a rhde fiflainge 0/ 01 ow

mi t i gsceénariosrfab carbon emissignasspectivelyObserved global emissions and resulting concentrattimays follow the RCP8.5

scenar

i o making

Exclusion Zone.

t t he

Afbusi

ness as

usual o

scenar.i

0 .=EcBriomic

Sust ai

[
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Indicators (1) and (2) are indices wadfilnerability to climate changeandrisk of impactsfrom climate
changeand fisheriesfor exfdoited marine fisheghat scale from 1 to 100, with 100 being the most
vulnerable or at riskin this context, vimerability is the intrinsicsensitivity andbiological adaptive
capacity of the specide stressors. Median values for the index of climate vulnerability ranges from 55
(Grenada) to 57.5 (Jamaica).

Ri sk combines the s peestimataddegree wfl expase dobhazardst frpm bwitht h  t h
climate (temperaturegxygen concentratianand acidification) and nedimate stressorsh@zardsfrom

fishingt o f i shesd p)paatdrirggtini erposure io alimatd and rgimate hazards shows

an elevated risk level, with median values for climate risk indices significantly highevéhaes for

climate vulnerability, especially for scenarios combining business as usual emissions (RCP 8.5) and
unsustainable fishing levels (OBrevious workCheunget al, 2018 using applications of the climate

risk index demonstrated a significdimk between it andhe risk of extinctionas defined by the IUCN

Red List of Endangered Species.

Indicator (3)describes themipacts of climate change on the availability of suitddabitats for selected

marine assemblages, reported as a percentaggehalative to current conditions. Indicator (&ports

the projected number of species newly occurring or disappearing locally, expressed as a percentage of
total speciesA net decline in habitat suitability for fished species (indicator (3) and (3)pabie is

expected in a scenario of business as usual emissions (RCP8.5), ranging from 18% (Jamaica) to 32%
(Saint Vincent and the Grenadines, Grenada) in 208 ranging fron29% (Jamaica, Haiti) to 49%
(Dominica) in 2050s.

As a consequence of changes in species distributions and abundances, potential fisheries catches are
projected to decline (A, B).Smaller catcheswill have significant repercussions for those involved in
harvesting and postharvesting activities and for the economy overall (C, D) in the absence of
adaptation.

Changing species distributions and abundances are in turn projected to result in a substantial decrease in
maximum fisheries catch potential (indicators (4) and (S)ahle ). Even inscenarios of strong global
mitigation (RCP2.6) maximum catch potential could drop between 5 and 15% by 2030s and between 10
and 30% by 2050s relative to baseline values (Z8XD). Under business as usual emissions (RCP8.5)

the projected drop in maximuoatch potential relative to baseline values ranges from 10 to 30% in 2030s

to 20 to 60% in 2050s. As the modelling approach used to estimate these indicator values employs coarse
resolution models, projected percentage decreases in maximum catch paleowalvirtually no
difference across PPCR countries. Regionally, decreases in maximum catch potential are projected to
occur across both pelagic and demersal reef species, especially in the southern part of the Caribbean Sea,
with many commercially valuablspecies such as groupers, snappers and parrotfish among the most
vulnerable.

The impacts of ecological shifts on fisheries catches have cascading effects on national ecdabfries (

2). The modelled decline in catch potential (or fishery productiopydfected to increase domestic fish
prices and decrease fish quantities demanded by consumers. Under business as usual emissions (RCP8.5),
domestic fish prices are projected to increasel 896 (Haiti) to 9.5% (Grenaddgyy 2050s, relative to
projected piges under the reference case (see indicator (Balite 9. Changes in fish prices influence
demand, with domestic fish consumption projected to decrease between 5.2% (Dominica) and 5.8%
(Grenada) by 2050s, relative to the reference case (see indicainrTdble 3. In turn, these market

shifts result in decreased economic wWeding. Under business as usual emissions, projected climate
induced changes in prices and consumpitudh result in net annual welfare losseg 2050s that range

from US$600,000(Dominica) toUS$8,985,000 (Jamaica) (see indicator (3)lable 3. Welfare is an
economic metric closely linked to the concepf well-being and income In this context, Caribbean
nations experience a loss in economic weling due tdoo little prodwction and consumption seafood

5
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Table2: Indicators of economic impact of climate change impact on marine species and associated fisheries in the Caribbean Seaddnakby country
All monetary values are in US$2010, meaning that 2010 is the base year and all estimates are edrir@rt current (nominal) dollar values to constant
(real) dollar values.

Indicator Jamaica Haiti Dominica St. Lucia St. Vlncent_ and ¢ Grenada
Grenadines
Due to Climat€hange Induced Impacts on Fishery Production
1|e in Fish C| Rcp 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s
(relative to projected future denand] 26 4.6% 2.6 4.6% 2.6 4.1% 2.6 4.3% 2.6 4.6% 2.6 4.7%
8.5 5.7% 8.5 5.8% 8.5 5.2% 8.5 5.5% 8.5 5.6% 8.5 5.8%
2|l in Fish P| Rcp 20®s RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s
(relative to projected future dgmand| 2.6 5.6% 2.6 3.8% 26 5.6% 26 7.1% 2.6 6.8% 2.6 7.7%
8.5 6.9% 8.5 4.8% 8.5 7.2% 8.5 9.1% 8.5 8.2% 8.5 9.5%
3 | Net Welfare Loss RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s
(thousand US $ per year in 201Qprif 2.6 8000 2.6 -3200 26 500 26 -1600 2.6 580 2.6 600
8.5 8900 8.5 3800 8.5 600 8.5 -2000 8.5 640 8.5 760
Due to More Intense Tropical Cyclones under Climate Change
4 | DiretLosss in Fishery RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s
Production 26 920163060 2.6  -400t01350 2.6 4010120 2.6 28 1094 2.6 24 1081 2.6 30 t0100
(tonnegper evejt 85  -1600 te5340 85  -710t02350 8.5 60 t6200 8.5 50 to160 8.5 43 t0142 8.5 50 t0180
5 | Direct Losses in Landed| RcCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s
Value 26  -1660 66530 26  -4201t01400 26 5010170 2.6 40 t0150 2.6 5810195 2.6 40 t0150
(US$2010 thousauet evelt 8.5  -2900 te9670 8.5  -730 162450 8.5 -90 to:300 8.5 77 t0255 8.5 -102t0-340 8.5 -80 t0260
6 | Total Losses in Economi
OULPUWS$2010 thousapet evept| RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s
26 20176720 26 510101701 2.6 61 to207 2.6 4910183 2.6 70 10237 2.6 55t0-181
8.5 -35241611750 8.5 887102977 8.5 -109 ta365 8.5 97 to317 8.5 -124t0-413 8.5 95t0-316
7 | Total Reductions in RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s
Household Income 2.6 473 te1574 2.6 -120 te399 2.6 -14 to49 2.6 -11t0-43 2.6 -16 to55 2.6 -13 to42
(US$2010 thousguet evelt 8.5  -826102752 8.5 -208 16698 8.5 26 1086 8.5 231074 8.5 29 1097 8.5 22 to74
Fish as Food
8 | Reduction in Household
Food Consumption due {| RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2056 RCP 2050s
Climaté nduced 2.6 4.6% 2.6 4.4% 2.6 4% 2.6 4.2% 2.6 -4.6% 2.6 -4.5%
and Consumption 85 5.8% 8.5 5.8% 85 5% 85 5.6% 8.5 5.6% 85 6%
(per capita per day
9 | Reduction in Daily Food
Supply as Fish due to M{ RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s RCP 2050s
Intense Tropical Cyclonel 26  -0.1% te0.7% 2.6 0% t00.7% 2.6 0% t60.8% 2.6 0% t60.5% 2.6 0% t00.7% 26  0%100.75%
(relative to 202913 averaggrams of | 85 0.1%40-1.3% 85  -0.1%tel.1% 8.5  -0.1%tel.5% 8.5 0% 160.8% 8.5 -0.1%tel.3% 8.5  -0.1% tel.4%
edible fraction per capita pgr day
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Interviewswith fish value chain actors in botlamaica and Saint \Want and the Grenadines shed light

on potential social implications of reduced access to commeraigtigrtantfish species and related

shifts in market dynamics. Fishers are already contending with declines in raw material supply and other
stressors that affect fishing operations and their ability to make a lI&ouprding to fishers in Jamaica,

the fisheries arcurrentlyviable although there is dwindling of raw material supply through poor catch,
frequency of killer whales that limits fishing trips, loss and damage from extreme events such as
hurricanes, piracy, and the incidence of Sargassum that affeatdish@ig operations. To be viable,
fishers are taking extended trips out at sea for days, often incurring higher operational costs due to fuel
costs and safety at sédevertheless, fishers interviewed in both locations are, for the mostytlatimne
occupants in the industry, contemtith their monthly and annual returns ameluctant tochang
occupation or retrain to work iother professions. This reveals the potential for high vulnerabiiithe

event of stock migratioand lower total catches,fishers are not integrated into other economic sectors
Harvesters can bear a disproportionate amount of risk, financial and otherwise, relative to other actors
across the fish value chaiRor fishers, the operational expense of fuadl safety risk§or longer trips is

seldom reflecteth an increase in landed value.

The rate of ecological change projected, espedifalijjobal carbon emissionsontinue largely unabated

f ol I owhbusigessishsaab i s ¢ ewillaemaral swift transformations axgs the fish value chain.
Yet, field research revealed potential capacity gaps related to this. At presembajor types of fish
chainsoperatein Saint Vincent and the Grenadines and Jamaica: scell artisanal and smaitale
industrial fisheriesThese two chains have three features in common: (1) low fishing capacity, (2) limited
value addition and (3) low skills and infrastructure support toward product differentiation -zedlung
opportunites.

Economic loss and damage to the fisheries sectivom severe storms in the region is sizable at
present. Climate change will exace(Chbate the regio
The average annual economic cost of tropical cyclones across the Caribbean between 1950 and 2014 has
been estimated at aigalent to 2% of gross domestic product (GDPréedo 2016). These losses do

not include important nemarket impactssuch asdamages to marine environments and resources like

coral reefs and ecosystem services. Analysis focused on loss and dambgefisheries sector is
uncommon but count r i eecofomia consagoemaees faomitropical oydonea h e
damage and loss assessments shed light on the severity of the impact. For example, in 2017 Hurricane
Maria the total estimated value oftiing boats, engines and gear damaged, destroyed or lost in Dominica
amounted to XCD $11,271,520 (about US$ 4 millidtyrricane Sandy caused extensive damage to the
fisheries and aquaculture sectardamaicatotaling more than J $90 million (about US$300).

This study simulated theconomic consequences of climateangeinducedincreases in the intensity of
historical tropical cyclones occurring between 1950 and 2013 (indic@pte (7) in Table 3. Under
business as usual emissions (RCP8.5)regilosses to fishery production by 2050s amount to 5.2 kilo
tonnes (central estimate). Therrespondindosses in landed valder thesix case study countridxy the
2050s is$8.3 million (2010 US dollars)At a national level pjected losses landel valuedue to more
intense cyclone activitfrom climate changéy the 2050sange from just unded.4% of historic totals
(for Saint Lucia and Saint Vincent and the Grenadit@gust over 0.5% of historic totals (for Jamaica).
National losses in landedlue appear in Table 2 (indicator 5).

Further, under business as usual emissions (RCEBn&te change is projected teduce economic
output of the six countriesby $10.1 million (2010 US dollarspy 2050s (central estimate)he
corresponding reducn in regionalhousehold incomes by the 2050$&4 million
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Under climate change, smaller catches and supply disruptions willter patterns of household fish
consumption (C).

Seafoods an important source ahimal protein globallylts consumptiorin 2013 was estimated ak®

per capita in the Caribbeawith seafood amounting to 10% of animal protein consumed (Vannugtinni

al. 2018). Projectedchanges irfish supply and demand induced by ecological shifts under a changing
climate result in reduckfish consumptioron a percapita basis (indicator 8 ihiable 3 in the six PPCR
countri es. Under busi ness a s daily fish Iconsemptios <duld n s (R
decreasbetweerb.2% (Dominicajand5.8% (Grenada and Haiti) by 205@sdicator (8) in Table 2)

Supply disruptions from more intense tropical cyclones under climate change will also limit the amount
of seafood available to eafinder business as usual emissions (RCP8.5intttemental impact on fish
supplyacross the six castudy countriegquates to, maverage, a redtion of about 0.2%0 1%in daily

food supply as fislfindicator 9 inTable 3. Hurricanesare bigger threats timod securitythan tropical
storms.

Although uncertainties in estimating climate change impactsemain sufficient information exists to

guide fisheries policy planning and community-based action.

Estimates of climate change impacts on marine resources and corresponding fisheries in the region are
sophisticated, but not capable of capturing the fodlath of processes that may influence ecological,
economic and social outcomes under a future climate. In ecological modelling, uncertainties remain on
the potential roles of evolutionary capacity to adapt to changing environmental conditions; iffdictst e

of climaterelated shifts in trophic interactions; tipping points in ecosystem function (e.g., rapid changes
in ocean circulation) and the cumulative effeatother stressors (e.g., coastal development, pollution,
sedimentation, and others). Inoeomic modelling, improvements in the accuracy of input data (e.g.,
price and income elasticities, GDP multipliers), an expanded scope of climate hazards and induced
economic impacts considered, as well as the potential role of autonomous adaptatiorayethem
suggested extensions to the work initiated under this préjadher, assessing the potential for planned
climate change adaptation in either mitigating or exacerbating projected climate change impacts is a
logical extension to the ecological ascbnomic impact assessment undertaken by the project.

At the same time, assessment results, combined with qualitative research through value chain analysis
highlight directions for adaptation initiatives in the sector. Broadly speaking, reduced gldbah ca
emissions, more sustable fisheries managemegteater resilience of supporting habitatgl improved

coastal zone managememte all expected to contribute to reducémate impacts of future climate
change on fisheries resources. Ideally, allhefse approaches could be used in concert with one another

to reduce cumulative pressures and improve the overall resilience of the fisheries system to future climate
change Institutional reforms and crosectoral planning to improve salfganization ad resilience of

local valuechain actors are also important. Examples of efforts with the potential to yield benefits
regardless of the magnitude of climate change impacts are as follows: (a) engaging in citizen science and
co-management with fishers forgiected areas; (b) achieving product differentiation and supporting
processing infrastructure, as in Kingstown (Saint Vincent and the Grenadinesktéeiny collaborative

ties among fishers and processors throzmgtperatives fomarine stewardshjpalue addition and market
accesqd) developing and enforcing zoning-laws for vulnerable coastal regions (e.g., at the Parish
level in Jamaica); (e) protecting and insuring coastal infrastrudfyirenproving hazardearly warning
systemsthrough mobileapplications and providing training on safety for srsalle fishersand @)
promoting crossectoral working groups at multiple levels as in Jamaica, which seek to mainstream
adaptation in fisheries management and related sedfatfonal and localevel measures to reduce
climaterelated and disaster risks to the sector and to increase the resilience of fisherfolk are already
underway Oxenford& Monnereauy 2018, with many more identified in national adaptation plans and
strategies (Government of Salrucia, 2018).
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Empirical studies of climate change impacts to fished species in the Caribbean are still uncommon; these
types of studies will become increasingly important for validating or refining the kinds of regional climate
model projections projeetl in this study and informing smalscale management responses by countries

in the region. To this end, the later phases of this broader project aim to develop standardized monitoring
frameworks and protocols to facilitate tracking and responding meatdi change effects on fish and
fisheries in the future.
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Abstract

In the Caribbean region, marine biodiversity and ecosystem<ritical to human welbeing as they

provide security, food and livelihood opportunities for coastal inhabitants as well as a source of foreign
exchange through ecosystem services such as fisheries and tourism. However, an increasing number of
threatsincluding climate change, coastal development, pollutaoxd overfishing are threatening the
capacity for these living marine resources to deliver services such as fisheries catches. A portfolio of
modelling approaches, simulation outputs and quanttatigices are used in this study to assess climate

risk, vulnerability and impacts of Caribbean Sea marine fish stocks and fisheries under contrasting CO
emission scenarios. Increasing £#nissions are projected to result in changes in ocean condhiains t

will impact marine biodiversity throughout the region. The Caribbean Sea is projected to become warmer,
less oxygenated, with higher acidity and salinity levels, as well as lower primary production throughout
the 2£' century relative to the Jcentuy. As a result, exposure to climate hazards of all assessed species
is estimated to be high to very high uvasuwssuwalbdot h
(RCP8.5) CQemission scenarios by makntury.

The vulnerability of selected speci&ssemblages is estimated to be moderate to high, with commercially
valuable fishes such as groupers, snappers and parrotfish among the most vulnerable. With the high level
of exposure to climate hazards, no species will have low or moderate risk okedlingatcts under the
RCP8.5 scenario. The high risk of impacts can be translated into greater risk of extinction. Suitable
habitat conditions in the Caribbean Sea for marine fishes and invertebrates were projected to decrease
under a higher CQemission sceario. Marine species are projected to shift their distribution by tens to
hundreds of kilometers under marine environmental conditions associated with increasing atmospheric
CO, concentration over the next few decades. As a result, the Caribbean regigmojezted to have

large changes in species assemblages, with substantial local loss of species across the region. Climate
change is also projected to result in a substantial decrease in maximum fisheries catch potential.
Regionally, this decline was pegjted to be higher in the southern part of the Caribbean Sea. The
projected changes in species composition, lower catchmes the high risk to associated species,
particularly those that are commercially valuable, are expected to have important impdepedent
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fishing communities. Overall, multiple lines of evidence suggest large risk and impacts of climate change

on the Caribbean Seab6s fish stocks and fisheries
projected to occur poses substantiadllgnges for both the ecological and human systems to adapt to

these impacts.

1 INTRODUCTION

This report is part of the deliverables under Work Package 1 for the project Hdlatgd Ecological
and Socieeconomic Impact Assessments and Monitoring Syst®pecifically, this report addresses the
following components of the overarching objectives of Work Package 1.:

1T Assess the ecological i mpacts of c¢climate change
resources;

1 Develop tools and methods faslieries and marine ecosystem analyses and assessments to quantify
the current and future impacts of climate change and variability on fisheries production.

This report focuses on the regiorsahle assessment of these impae#per B in this Collectiomational
assessment, the next paper) also includes assessments for each of the six selected highly climate
vulnerable nations of the Commonwealth of Dominica, Grenada, Haiti, Jamaica, Saint Lucia, and Saint
Vincent and the Grenadines (SVG).

1.1 Fisheries andMarine Resources

In the Caribbean region, fisheries activities, largely ss@dle and artisanal in nature, provide a number

of goods and services that are critical to human-lehg, and also represent an important source of
foreign exchange. Fishesieemploy over 200,000 people in the Caribbean Community, earning USD $5
billion to $6 billion per year in foreign exchang
intake (Nurse 2011). Key target species include pelagics (coastal and qcd@if@nd slope demersals,

reef fish, and higivalue benthic invertebrates, such as spiny lobstanijlirus argu$ and queen conch
(Lobatusgigag. Caribbean coral reefs specifically, have been estimated to generate between USD$3.1
and 4.6 billion annuly from fisheries, tourism and shoreline protection (Burke and Maige@d; Burke

and Kushner 2011). However, the health of corals reefs and associated ecosystems, such as seagrass beds
and mangroves, from which these essential goods and servicesvarg ffoom, is declining rapidly

under the mounting pressure of many human activities.

Coastal development, growing coastal and tourism populations, poor land management practices,
overfishing - including illegal unreported and unregulated (lUU) actigitiedisease, and ineffective
management include some of the threats that have contributed to changing the ecological balance of
Caribbean coastal environments (Bugkeal. 2004 Gill et al 2017 CRFM et al 2017). Recent studies
estimate that the regidmas lost more than 50% of its coral reef cover since the 1970s (Metrddy

2014; Jacksomt al, 2014). Rates of loss for mangroves and seagrass beds are comparable (#Yaycott
al., 2009). The FAO (2016) estimates that approximately 55 percent of thenexmiallyharvested
fisheries stocks in the region are already overexploited or depleted; and some 40 percent of stocks are
fully exploited (FAO 2016). Reef fisheries (e.g., snapper, grouper, lobster, conch), which support the
majority of livelihoods in @ribbean fisheries, have been particularly badly affected (Hawkins and
Roberts 2004 Mumby et al; 2012 Linardichet al, 2017). Decline in the health of key coastal habitats

will lead to further losses in fishery productivity (Cinnetr al, 2012), in trn negatively affecting
artisanal reef fisheries and dependent communities (Muetdal, 2008 Cinneret al, 2013 Saleet al,

2014). These declines also significantly undermine the ability of coastal ecosystems to cope with climate
change hazards.

11
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1.2 Climate Change Challenges

Concerns over the consequences of climate change for fisheries production and the state of marine
ecosystems is mounting, particularly when added to the increasing pressures on coral reefs from marine
and terrestriabased activies (Brander201Q Cheunget al, 201Q Mora et al, 2013). Climate change,
manifested through increases in water temperature, declines in oxygen concentration and increase in
acidity as well as other changes in ocean physical and chemical conditiaffiectisig and will continue

to affect fishes and invertebrates (Pegtyal, 2005 Portneret al, 2007 Mcllgorm et al, 201 Cheunget

al., 2012) in the Caribbean region. Impacts on either the larval, juvenile or adult plasat three-

include, bu are not limited to, changes in animal size and timing of spawning season; migration patterns
(Rijnsdorpet al, 2009); larval swimming, distribution and settlement (Mundagl, 2008); declines in

growth; abundance; and a poleward redistribution ofyrsecies important to fisheries (Chewateal,

2010).

In addition to direct effects on important fish and invertebrate fishery species themselves, climate change,
through ocean warming, sével rise, increased hurricane intensity (Uh2016), and me variable

rainfall will have important negative impacts on the habitats, which these species depend on (i.e., coral
reefs, mangroves and seagrass beds). While shifts in climate variability mostly associatedNaith El
conditions are also a concern apdojected to continue (McConney015), the impacts and/or
interactions with climate change are currently poorly understood.

A number of studies have investigated global climate change and its projected effects on fisheries, with
most assuming that thea@lbbean is a dataoor region (e.g., Allisoret al, 2009 Poloczanskaet al,

2013 Barangeet al, 2014). A recent regional study suggests that the Caribbean will warm by more than
2eC of air temperature by t he 20&4d) dvhilofbur dtherestudiee nt ur vy
(PérezRamirez 2017 Oxenford and Monnerea017 Oxenford and Monneay 2018 Monnereau and
Oxenford 2017) provide assessments, based on (limited) current observations, data and climate
projections of likely impacts on fish, shellfish and fisheries in the Caribbean. These studies and others
before them (e.g., Nurset al, 2014) conclude that most species, the associated fishery sector and
dependent coastal communities are all highly vulnerable to climate change. Oxenford and Monnereau
(2017, 2018) in particular highlight that ressgsociated species are likely to benist vulnerable of the

fishery groups considered as a result, in part, of their overexploited nature, observed negative climate
change impacts on associated habitats, and pressures on coastal ecosystems more generally.

A better understanding of the prdied impacts on and the likely vulnerability of key species of interest

to climate change throughout the region is a significant step in contributing to better adaptive capacity for

what the future may hold. The economic costs of adapting the fisheries teestéa level rise alone have

been estimated to range between US$26 and 61 billion in capital costs and US$4 and 6 billion in annual
costs by 2050, increasing rapidly thereafter (Simptoal., 2010). However, interventions that improve

upon the managesnt of coastal ecosystems and associated fisheries and slow down or reverse the loss of
coral reefs can dramatically alter the magnitude of these costs. Doing so would significantly contribute to

maintaining the flow of ecosystem services to dependent cmities (KnowltonandJackson2008) and

support livelihoods and welleing in the face of impending changes.

This study sought to undertake a comprehensive assessment of climate change impacts on 110 of the
regionds key mar i ne heigs.eSpécifically, dyniategratiagsnouttipleanodeting f i s
approache$ and making use of a previously unavailable high resolution global coupled climateimodel

we (1) project future ocean conditions throughout the region; (2) assess the impacts of emi@bonm

changes to key marine species; (3) determine selected species future vulnerability as a result of projected
environment al changes, as wel/l as the speciesd se
estimate climate change impactstone r egi onés future fisheries prod
the implications of these impacts for conservation and fisheries in the region.

12
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2 METHODS

Assessments of climate risks and impacts for Caribbean marine fish stocks (including inverihdates)
fisheries broadly included three components: (1) data collection, (2) modahith@3) calculation of key
indicators (Figure 1).

Data collection Modellin Key

Identify important Collate Collate and indicators
fisheries species biological data e_inalyze Conservation
N Example environmental risk by
_Initial list | data species and

Example countries
e @ Species Projected
{ StakehOI(.:‘er | E> distribution 'mpaCt_s on
! consultation ; @ model species
i and inputs | 3 distribution

y Institut

((((((( Pierre

- Simon

o Laplace
_______________ AL GBIF Spatially Projected
b . 1 ety explicit impacts on
. Final list = | ~ m population fisheries
¢ 110 spp. IUCN \ model catch

Figure 1. Methodological framework used in this assessment including three broad categories (i.e., data
collection,modelling and key indicators) to assess climate risks and impacts for Caribbean marine fish stocks
and fisheries.

2.1 Data collection

To assess climate risks for Caribbean marine fish stocks and fisheries, three separate, linked datasets were
required and ssembled: (1) variables that globally define the marine environment obtained from a
number of separate model outputs; (2) the list of key species, agreed to together with stakeholders, this
assessment should focus on; (3) occurrence data for specieBadent(2), as well as life history (e.g.,

age at maturity) and ecological data (e.g., depth) associated with these species.

2.1.1 Environmental data

Environmental data for the region were derived from outputs of a subset of three Earth system models
(ESM) made available as part of the fifth phase of the Oéagamospheric Coupled Model Intercomparison
Project (CMIP5): the Geophysical Fluid Dynamic Laboratory Earth System Model 2G (GFDL ESM 2G),
the Institut PierreSimon Laplace Climate Model (IPSCM5A-MR), and the Max Planck Institute Earth
System Model (MRESM-MR) (see Laufkétteret al, 2015 Kwiatkowski et al, 2017 and references

therein for an understanding of the differences across the modidsysed one single realization of each
model (i.e.,used aitputs from oneset of input parameters for eacarth system modglThe Earth system

models were nominally run for the period 1850 to 2005 under historical forcing (i.e., radiative forcing
estimated to have occurred during that time period), and ovepdtied 2006 to 2100 under two
Representative Concentration Pathways (RCP2.6 and RCP8.5), which represent two contrasting scenarios of
alternative trajectories for carbon dioxide emissions and the resulting atmospheric concentration from 2000
to 2100 (varMuurenet al, 2011). RCP2.6 represents what might be described as the best case for limiting
anthropogenic climate change, with climate poligegphasis ng O6strong mitigationo
CO, emissions peaking by 2020 and declining to aroend by 2080. RCP8.5 on the other hand represents

13

ol



CRFM Research Paper Collection Vol. 9

a scenario in which emissions continue to increegadly reaching C@concentrations of 950 ppm by

2100 and continuing to increase for another 100 years. The models were selected based on the afailability
variables from the CMIP5 database (Cheahgl, 2016). The feasible performance (e.g., time and spatial
validation against observed trend) of these model systems has been assured in the context of the CMIP5
initiative (Laufkotteret al, 2015 Kwiatkowski et al, 2017 and references therein), while the variety of
process representation and parameterisation among these systems reflects the structural uncertainty involved
in these projections.

The model outputs used to drive futymojectionsof fish distributions and catches using the Dynamic
Bioclimate Envelope Model (DBEM see section 2.2.3 below) include: seawater temperature (surface
and bottom, °C), oxygen concentration (surface and bottom;)ynhlydrogen ion concentration (mof*L

a proxy for acidity levels- surface and bottom), net primary production (depth integrated, Hig.m
salinity (surface and bottom) and surface advectopr¢xy for surface currents, which are important for
species movement and larval dispersalsec). All model data were rgridded onto a 0.5° latitude x
0.5° longitude grid using ainear interpolation method.

A high-resolution global coupled climatearth systemmodel from the Geophysical Fluid Dynamic
Laboratory (0.1° latitude x 0.1° longitude) (GFDL CM2Sabeet al, 2016) was also used to define and
project the spatial distribution of marine species identified as important to the region (see section 2.1.2
below). The GFDL CM2.6 model was initialized with prelustrial conditions (global atmospheri©C

fixed at concentrations in the year 1860) and the model was allowed to run for 100 simulation years. To
calculate the model's climate change response, the simulation was driven by a 1% per year increase in
global atmospheric COfor 80 years (C@doubles at year 70) and subtracted by each model's 1860
control simulation for the corresponding years or months. An environmental dataset based on the outputs
of the GFDL CM2.6 was then assembled. This environmental dataset was comprised of information on
oceantemperature, as well as bottom and surfac&0@ m) salinity. Since the higiesolution global
coupled climate model from the Geophysical Fluid Dynahaiboratorydoes not model biogeochemical
components such as nutrients or net primary production, wpuwed and used the climatology of net
primary production in the region for the period 288 using the remotely observed MODIS aqua
satellite database hi¢p://orcascience.oregonstate.edu/2160.by.4320.monthly.hdf.chl.modjs.php
Bathymetry was also added to the environmental database by using the high resolution General
Bathymetric Chart of the Oceans product (GEB@@)s://www.gebco.ne)l

2.1.2 Fisheries data and species selection

Initial species lists were compiled for key commercial fisheries species, for each of the 6\alimadable

nations that are part of the project (the Commonwealth of Dominica, Grenada, Haiti, J&aaicaucia,

and Saint Vincent and the Grenadines), as measur e
and made available through tBea Around Usgroject fttp://www.seaaroundus.ojgAs foodsecurity and

livelihood opportunities are often met by fisheries that arecoommercial in scope, we also sought to

include species that were of significance to the region from a subsistence and/or recreational perspective.

Theseinitial lists, including the 50 top speciesr species groupsvith the highest catches in the 2000s
period based on thBea Around Usatch databasevere provided to key stakeholders for feedback at a
regional workshop held in Kingstown, Saint Vincent and the Grenadine§ 2pril 2018. Specifically,
representatives from each country were asked to identify the top 10 most important species/species groups
listed for their country. Participants were also asked to identify whether a species or species group was
important commeially, for subsistence purposes, or both; and whether any species listed was also
targeted for recreational purposes. Stakeholders were invited to provide the name of species they thought
should be included, but were not listed. Based on responsese@@ségenera/families were identified

(with some overlap e.g.,Caranx andCarangidae) as the most important across the region (Table 1).
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These included fish as well as invertebrates associated with pelagic and seag@ss/ecoral reef
ecosystems.

Table 1. Twenty nine species/species groups emerging as most important across the region based on top 10 key species
identified by each of the 6 country representativesViSCR = seagrassnangrovecoral reef

Scientific name Common name Ecosystem Category
Acanthocybium solandri  Wahoo Pelagic Fishes
Acanthuridae Surgeons, tangs, unicornfishes  SM-CR Fishes
Carangidae Jacks, pompanos Pelagic/SM-CR Fishes
Caranx Jacks Pelagic Fishes
Coryphaena hippurus Common dolphinfish Pelagic Fishes
Decapterus macarkls Mackerel scad Pelagic Fishes
Decapterus punctatus Round scad Pelagic Fishes
Dendrobranchiata Shrimps and prawns SM-CR Invertebrates
Epinephelus guttatus Red hind SM-CR Fishes
Haemulon Grunts SM-CR Fishes
Hemiramphus brasiliensis Ballyhoo halfbak Pelagic Fishes
Istiophorus albicans Atlantic sailfish Pelagic Fishes
Katsuwonus pelamis Skipjack tuna Pelagic Fishes
Labridae Wrasses, tuskfishes SM-CR Fishes
Lobatus gigas Queen conch SM-CR Invertebrates
Lutjanidae Snappers SM-CR Fishes
Makaira nigricans Blue marlin Pelagic Fishes
Mulloidichthys martinicus Yellow goatfish SM-CR Fishes
Ocyurus chrysurus Yellowtail snapper SM-CR Fishes
Opisthonema oglinum Atlantic thread herring SM-CR Fishes
Panulirus argus Caribbean spiny lobster SM-CR Invertebrates
Scomberomorus cavalla King mackerel Pelagic Fishes
Scombridae Mackerels, tunas, bonitos Pelagic Fishes
Serranidae Basses, groupers, hinds SM-CR Fishes
Sparisoma viride Stoplight parrotfish SM-CR Fishes
Thunnus Tunas Pelagic Fishes
Thumus alalunga Albacore Pelagic Fishes
Thunnus albacares Yellowfin tuna Pelagic Fishes
Thunnus obesus Bigeye tuna Pelagic Fishes

A final list of key marine species in focal countries to support an assessment of risks and impacts from
climate change wassas e mb|l ed based on respondentsd answers
110 selected priority species, including 2 species of marine mammals (humpback whale and common
bottlenose dolphin), 2 species of algae (belonging to the genus Sargassp®jeé of invertebrates
(queen conch, Caribbean spiny lobster and 5 species of sea cucumber), and 99 species of fish (see
Appendix A.1 for a detailed list of species). The fourwing flyingfistirgndichthys affiniy while not
commonly caught in any of thiocal countries was added to the list at the request of one of the
stakeholders as they thought it may become a key target species in the future. The two species of
Sargassumvere added due to mounting concerns and hardships faced by countries thrtughegion
associated with the masgranding events that have occurred with greater frequency and severity in recent
years(Resiereet al, 2018 Maréchalet al, 2017 van Tussenbroeé&t al, 2017) Increasing temperatures
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and nutrients associated witlintate change are some of the drivers put forward as potentially creating an
environment favourable for the growth and proliferation of the algae (Jolehstn2013 Louimeet al,
2017).

2.1.3 Occurrence and ecological data

To identify the environmentaliche and climate risk index of selected marine species (see Appendix
A.1), records of species occurrence were collated from the following publicly accessible databases: the
Ocean Biogeographic Information System (OBIS www.iobis.org, the Intergovernmental
Oceanographic Commission of UNESCO (I@Coc-unesco.or)y the Global Biodiversity Information
Facility (GBIF i www.gbif.org), FishBase Www.fishbase.ory and the International Union for the
Conservatio of Nature (IUCNT http://www.iucnredlist.org/technicalocuments/spatialatg. In the

final assembled dataset the following were removedondsthat were equal to zerogcods associated
with aspatial locatiorasi n 0t  a ;saedi egondghatavereduplicated among databasg., only one

of those records was included in the final datagéty final dataset comprised 1,877,550 records with at
least 52 records per spesieovering the period from 1953 to 2012.

Life history information and ecological dafar all specieswere collated from published databases
including FishBase, SealifeBase and 8@ Around Udatabase. Examples of life history data included
growth parmeters, age at maturity, and fecunditsssembled ecological data included habitat
association, as well as latitudinal and depth ranges. These data were used as inputs into the fuzzy logic
risk assessment modelling component of this work, as well as tiamily bioclimate envelope model
(DBEM) (see sections 2.2.1 and 2.2.3 below).

2.1.4 Fisheries catch timseries

Catch data used in all analyses consistetbtaifi r e const r uct e dds availaldelfrernthee s c a't
Sea Around Uglatabase for the region as whole, and for each of the 6 focal countries. Catch
reconstructions are part of a global, coutyycountry effort to add comprehensive, but conservative

catch estimates for all unreported fisheries components to the official landings statisticsl reyptne

FAO on behalf of countries (Zellet al, 2016).

Countrylevel catch reconstructions are as independent from each other as possible (to avoid systematic
biasing), but follow the general and weltablished reconstruction principles by starting1950,
covering all fisheries sectors that exist in a country, and including at least minimal estimates of discards
for major fisheries (Zelleet al, 2016). Reconstructions provide both the reported catches as well as best
estimates of unreported chss, allseparatedy industrial (largescale, commercial), artisanal (small
scale, commercial), recreational and subsistence (both -soadd, norcommercial) sectors.
Reconstructions also estimate the volume of discards from major fisheries in eatrly (feeincaught,

but discarded at sea) as part of a global discard analysis (2¢llak, 2018). Individual country
reconstruction details and data sources are described in detail in dedicated technical reports @amdeen
al.,, 2014 Mohammed and Lindg®2015a Lingard et al, 2012 Ramdeeret al, 2012 Mohammed and
Lindop, 2015h Mohammed and Lindq2015c), freely available from the seaaroundus.org website.

For the Caribbean Sdaarge Marine Ecosysteras a wholecatchesby fishing entities targetingtocks
throughout the regioincreased sharply from the 1950s to the 19@@sking at just above 92 thousand
tonnes) before a sharp decline in the late 19908s wadollowed by a brief increase in catches in the early
2000s(reaching a value of jusbove 90 thousand tonnes)d a subsequent dramatic decline until the present,
levelling off just above 40 thousand tonnes. Overall, artisanal fismepessenthe most important sectér

fishing in the region (6%), followed by the industrial and ssibtence sectors (24% and 18% respectively).
Close to half of all catches were estimated to be unreported. Discards accounted for 10% of total catches.
Mediumsized demersal fisH30-89cm) followed by mediumsized reefassociated specie80-89cm)
dominatel overall production30% and #9% respectively).
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Figure 2. Reconstructed catches for the Caribbean Sea region from 1950 to 2015: (A) total regional catches,
where the region is defined as the Caribbean Sea Large Marine Ecosystem; and (B) catchesdiy sk&ected

focal countries (Grenada, Dominica, Jamaica, St. Lucia, St. Vincent and the Grenadines) in the Caribbean Large
Marine Ecosystem region. Catch from countries other than these six countries in the region is represented by the
black area on thedft panel. Data source: Sea Around Us project databasenf.seaaroundus.oiy

Focusing on fishing activities biyhe six countries covered in this stutyoughout the Caribbean Sea,
total catches by these fooabuntriesshow important fluctuationsver the last six decades (Figure 2).
Jamaica, followed by Haiti contributed most to total productid®{@&nd 2% respectively). The four
remaining countries had similarly low levels of catches. Unreported catchedauad to account faas
low as 0.26 of total catchedy Saint Lucia, making up to B% for catches by Jamaicand 13% for
catches by Haiti in waters throughout the region (TableD&cards representetd 7% of catches by
Jamaica in Caribbean Sea waters

Table 2. Percentage of unreported and discarded catch for fishing by each of the 6 countries of interest in waters
throughout the Caribbean Sea region.

Country Discards Unreported
Jamaica 1.70 52.05
Haiti 0.00 12.55
Grenada 0.18 1.24
e 4" 010
Dominica 0.00 0.95
Saint Lucia 0.01 0.22

Reconstruction efforts estimated that artisanal fisheriade up27% (Jamaica) an8% (Haiti) of total
catchedy the six countries of interest waters of the Caribbean Seehile industrial fisheries contributed
28% and22% to total catcheby Grenadaand Saint Vincent and the Grenadines respectively. Subsistence
fisheries were highetr catches made klamaica (3%), followed bycatches bypominica (&%) and lowest

for catches byGrenada 16%) in waters of the Caribbean Searge pelagic$>90cm in size and including
species such as yellowfin tuna, blackfin tuna, Atlantic sailfish and common dolphitdishjated catchdsy
Dominicaand Grenadavedium pelagic$30-89cm in lendt and including species such as mackerels and
bonitos, jacks and pompanos, mackerel scad and bigeyensade)Jup most of the catch by Saint Lucia and
Saint Vincent and the Grenadin®eefassociated fish were the main target grioyplaiti. A large propaion
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of the catch by Jamaicadés fleet in waters of the
fishesbo.

2.2 Modelling climate risk and impacts

2.2.1 Fuzzy logic modelling of climate risk of select marine species

We assessed the climatekrisf 106 marine fish and invertebrate species of interest to key stakeholders in
the Caribbean using a fuzzy logic climate risk index (Jones and Ch&figy Cheunget al. 2018) (see
Appendix A.2 for detailed description of this method). In this risk sseent framework, climate risk
consists of three components: exposure to climate hazards, sensitivity to climate hazards, and species
capacity to adapt to climate changes (Figure 3). Exposure is the nature and degree to which a species
might be subjectedtclimate hazards.€., predicted changes the physical environment) (see Jones and
Cheung 2017). Sensitivity refers to the degree to which species are sensitive to any changes in the
environment they experience as a result of climate change. Adappeeity is the ability of species to
respond and adjust to changes from climate stresses, and to cope with, and recover from these.
Components are described by a specific set of variables accounting for changes in ocean conditions,
biological characterists of the selected priority species in relation to their sensitivity to environmental
changes, and the likelihood a species may reduce its sensitivity to climate change through rapid
adaptation (via evolutionary or phenotypic changes) (T@&blEor detai of the algorithm usedye refer

the reader taJones and Cheung (2017) and Cheah@l (2018). Below, we briefly describe the key
principles behind the method to calculate the index.

NG

$ Climate change Fishing =1 =
Hazard Vulnerabili / Hazard Vulnerabili \
Sensitivity Sensitivity
Ly TP, TG Lt K, M, SB, LG
Exposure Adaptive capacity Exposure Adaptive capacity

Fec, LB, DR, HA Fec, AM, RS

Species distribution Species distribution

@ Risk of climate impact [ Risk of fishing impact ]

[ Overall conservation risk ]

Figure 3. Framework applied in this study to calculate the risk dimate impacts for marine species in the
Caribbean Sea region (redrawn fromheung et al. 2018). Framework foassessing the vulnerability and risk of
impacts from climate change and fishing on marine fishes (see Appendix A.2)s@a water temperaturéd, i sea
water oxygen concentratiomH i sea water pH, Linfi maximum body size, TP range of temperature preferences,
TG T taxonomic group, Feci fecundity, LB 1 latitudinal breadth, DR depth range, HAT specific habitat
association, OHifisheriesi the fisheries component of the Ocean Health Index,iKvon Bertalanffy growth
parameter, Mi natural mortality rate, SBi spatial aggregation behaviour, L& longevity, AMi ageat-maturity,
RST range size. The fishing risk assessment was only conduidethe national assessment (seesearch papeB

in this Collection).
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Table 3. Variables that were used to define a speciesbd
and its adaptive capacity.
Risk components  Variables Data sources
Exposure Temperature (surface and bottom), Earth system models projections (see
oxygen concentration (surface and section 2.1.1)

bottom), pH (surface and bottom) and n
primary production (surface and bottom

Sensitivity Temperature preference, Estimated from occurrence records and
asymptott/maximum body length, habite environmental data (see section 2.1.3)
(particularly with association to coral FishBase (www.fishbase.org) and
reef), taxonomic group Sealifebase (www.sealifebase.org)

Adaptive capacity Latitudinal range, bathymetry range, FishBase\¢ww.fishbase.orly Sealifebase
fecundity and habitat specificity (www.sealifebase.ojgandSea Around Us
databasev(ww.seaaroundus.oyg

The index of exposure to climate change hazard (ExV) is based on the mean changes in each variable
relativetoa n i ndi v i dhistoiical vadabilitygdefineddsthe standard deviatiothia historical

time period). An exposure to hazard metric (ExV) for each variable (V)/ ExV was calculated for 8ach 0.5
latitude x 0.8 longitude cell of the global ocean for 2050 (average of 2041 to 2060) under RCP2.6 and
RCP8.5. The level of exposuredlimate hazards are classified as low, medium, high and very high using

a fuzzy logic algorithm (see Jones and CheWl@l7). Fuzzy logic allows for the classification of
multiple categories of exposure concurrently, with different levels of degree of er&mb Figure 4;

andsee Jones and Cheung 20fb? details). Specifically, for each ExV estimate in a’Gafitude x 0.5

longitude grid cell of the four ocean variables considered here, we calculated the degree of membership to
the four categories ofkposure to climate hazard using fspecified fuzzy membership functions. For the

low and very high categories, trapezoid functions were used, while triangular functions were used for
medium and high categori€Sigure 4) For example, if the ExV for tempaure is 2.5 times the historical
variability, the species is exposed to both high and very high climate hazard with a degree of membership
of 0.5 for both categorig§igure 4)
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Figure 4. Fuzzy membership function for the exposure value to climatenge hazard

The degree of climate change as well as categori

classified into levels of exposure to hazards, sensitidtigptive capacity and consequently, their
vulnerability and risk of impacts, acding to predefined heuristic rules. These rules describe the
empirical and/or theoretical relationship between the traits (e.g., temperature preferences, habitat
specificity, latitudinal range, depth range, fecundity and maximum body length) and theedxpegets

of sensitivity, adaptive capacity and vulnerability of marine fishes and invertebrates. Trait values for each
selected species were obtained from FishBase wyw.fishbase.ory and SealifeBase
(www.sealifebase.o)jgand are listed in Appendix A.3. We used published heuristic rules described in
Jones and Cheung (2017Actions defined by each rule are operated when a threshold value of
membership is exceeded, theratgfining the minimum required membership for a particular rule to be
activated. The algorithm accumulates the degree of membership associated with each level of conclusions
from the rules using an algorithm called MYCIN (see Cheztreg, 2005), where:

AccMem.1) = AccMem; + Membershig.,) X (1 - AccMemny;)

whereAccMemis the accumulated membership of a particular conclusion (e.g., high vulnerability) and
denotes one of the rules that has led to this conclusion.

Vulnerability ard risk of impacts were expressed on a scale from 1 to 100, 100 being the most vulnerable.
Index valueslfdval) correspond to each linguistic vulnerability categedyhere Low = 1, Medium = 25,

High = 75 and Very high = 100. The final indgXr(Ind) of risk of impacts or vulnerability was calculated

asthe average of the index values weighted by their accumulated membership (Etredl8905). For the

risk of impact index (for both the micentury and endf-century periods)iInind was calculated foeach

spatial grid cell where occurrence of the species was reported. The risk of impact for each species was then
calculated as the averagtnindacr oss grid cell s wei ght(asdombgellsa cel
would include more land than otlsgr
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2.2.2 Species distribution modelling and biodiversity indicator

The current and future distributions of the selected 110 marine species were modelled using an
environmental niche approaciksefisuHutchinson 1957). This method quantifies the environmental
preferences (e.g., temperature, salinity, dissolved oxygen) of marine species and projects their potential
distribution according to present and future conditions. Sea surface and sea bottom environmental
conditions were used for pelagic and demersal spespgectively. We used these spedpscific
environmental envelopes to project the probability of occurrence of a given species in each spatial cell of
the ocean according to environmental conditions associated with that cell. Avmadii approach was

adopted to best approximate the environmental niche of each species. Presenting the results from just one
model would require scientists endorsing that specific model as possibly more valid than the others (i.e., it
has fewer biases, lower variability, atiterefore greater reliability). As the climate system is complex,
current evidence indicates that it remains funda
processes in a single model, no matter how complex the model is, with developers rhaldag with

regards to what processes to include (and which to exclude) and how to parameterize them. As a
conseguence, an ensemble of several models is recommended to better account for structural and other
uncertainties over time (Krishnamueti al, 2000; Tebaldiet al, 2007).

Using presence only data, four environmental niche models (ENM) were applied to our dataset: the (1)
Bioclim and (2) Boosted Regression Trees models from the Biomod2 R package (Teudlie2008),

(3) Maxent (Phillipset al, 2004), and (4) NPPEN (Beaugraetal, 2011). These models were selected

as they are currently the most widely used in the published literaturetgvéype of data we had access

to for the region (Philipst al, 2004 Thuiller et al, 2009).Each BNM was appliedo the climatological
average over the last 30 years of the historical run of the GFDL CM2.6. For each of tbelelctéd
marine species, the models quantified individual
combination ofenvironmental conditions that descrilae given speciesurrent distribution in the
Caribbean Sea. The spatial distribution of each species from the four ENMs was then projected for the
current period (average of the last 30 years of the historical mim)ekh as for miecentury and endf-
the-century conditions for the Caribbean region. Each model was evaluated using an AUC (Area Under
the Curve) analysis and only model outputs with AUC values over 0.80 were considered for inclusion in
multi-model averaigg. Spatial uncertainty in model efforts was evaluated for each species by computing
the standard deviation of each ENM output.

Species richness (i.e., alpha diversity) was determined as the number of species present in each cell with a
predicted HabitaSuitability Index (HSI) above a specific threshold for current environmental conditions. The
threshold for the occurrence of an individual species was computed by numerically identifying a probability
threshold of confirmed occurrence of a species bareal Receiver Operating Characteristic (ROC) Curve

(see Park, 2004) using species occurrelate and a modelled species distribution for the historical period. If

HSI was greater than or equal to the threshold, the species was considered presenticBpesgeg/as then
computed by summing the number of species present in each grid cell over each time period.

To assess potential changes in marine biodiversity driven by climate change, two indices were computed:
local species gain and local species exitim (Jones and Cheung015). Local species gain represents

the number of species newly occurring in a geographical area relative to the number in that area during
the reference period. Local species extinctlossesyepreser{s) the number of speciew longer found

in a geographical cell relative to the reference period. Majpxalspecies gain and local extinction were
produced for time periods with atmospheric &©Oncentration of ~400 ppm and 3%ppm (average of

year 3140 and 7180, respectigly, of the simulation time frame of GFDL CM2.6 under the scenario of

1% year increase in atmospheric G@oncentration).
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2.2.3 Spatiallyexplicit population dynamic model

We employed the Dynamic Bioclimate Envelope Model (DBEM) to project future changesximum

catch potential for exploited marine fishes and invertebrates in the Caribbean Sea region. DBEM is a
spatiallyexplicit population dynamic model that simulates changes in distribution, abundance and
potential catches of species on a°Oddtitude x 0.5’ longitude grid of the global ocean. The key
components and workings of DBEM are summarized below, while details of the model can be found in
Cheunget al (2001) andCheungget al. (2011):

1. The current distributions of commercially exploited speadiepresenting the average pattern of
relative abundance in recent decades (i.e., -P@0D), were produced using an algorithm
developed by th&ea Around Ufroject (seevww.seaaroundus.oygThe algorithm predicts the
relative abundance of a species on d @tiude x0.81 ongi t ude gri d based on
range, latitudinal range, known Food and Agriculture Organization statistical areas, and polygons
enconpassing their known occurrence regions. The distributions were further refined by
assigning habitat preferences to each species along their life history (if information available),
such as affinity to shelf (inner, outer), estuaries, and coral reef abifste
www.seaaroundus.oyg

2. An index of habitat suitability for each species in each spatial cell based on temperature (bottom
and surface temperature for demersal and pelagic species, respectively), bathspesific
habitats (this is based on habitat maps of various habitat types as described in €halyng
(2008), salinity and sea ice with-$@ar averages of outputs from 192000 from Earth system
models (the coarser global models at the resolutiof®°dftitude x 1° longitude, see 2.1.1).
DBEM estimates the temperature preference profile (TPP) of each species by overlaying
estimated species distributions with annual seawater temperature and calculatescihecutea
distribution of relative aburahce across temperature for each year from 1971 to 2000,
subsequently averaging annual temperature preference profiles (TPP). The estimated TPP was
used to predict the thermal physiological performance of a species (aerobic scope) in each area.

3. Populationcarrying capacity in each spatial cell is a function of the unfished biomass of the
population, habitat suitability (as defined by HSI), and net primary production. We assumed that
the average of the tef0 annual catches was roughly equal to the maxiraustainable yield
(MSY) of the species. As the simulation was carried out at the global scale, MSY was first
estimated at the same scale and thenrgtied to each spatial cell according to the predicted
species distribution. Our analysis focuses on tlogepted change relative to baseline lefiel.,
relaive to 19962005) thus any biases associated with using this MSY for assessing climate
change impacts on potential fisheries catches would not substantially affect the conclusion of our
findings.

4. DBEM calculates a characteristic weight representing the average mass of the population in a
cell. The model then simulates how changes in temperature and oxygen would affect growth and
body size of individuals using a sutodel derived from a generalized voerBlanffy growth
function for all species (Cheung and Pauly, 2016).

5. The model simulates changes in relative abundance and biomass of a species based on changes in
population carrying capacity, intrinsic population growth, and the advediifusion of alults
and larvae in the population driven by ocean conditions projected from the Earth system models.
Movement and dispersal of adults and larvae were modelled through adhbfftision-reaction
equations for larvae and adult stages. Larval movemenatispl v det er mined by sp
pelagic larval duration, which is partly dependent on sea surface temperature and is also
accounted for in the model. Population growth is represented by a logistic function.
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6. Maximum catch potential from each popudatwas predicted by applying a fishing mortality rate
at the level required to achieve MSY. The projected relative changes in maximum catch potential
over time are robust to the estimation of MSY, although the cumulative total MSY across species
can be dkcted by the uncertainties in the magnitude of the estimation.

For each simulation, changes in total annual maximum catch potential iyentigy (2050: 2042060)

and relative to 2000 (1998005) under RCP2.6 and RCP8.5 were calculated for the Canlregion.

The ensemble average across maximum catch potential projections from the three earth system models
(GFDL ESM 2G, IPSECM5A-MR, and MPIESM-MR) are presented here.

2.3 Key indicators
We calculated a set of key indicators of climate risks and immgdactmarine fish stocks and fisheries in
the Caribbean region. These indicators are summarized in Zable

Table 4. Description of indicators calculated using different modelling approaches and their interpretation.
Climate projections used refer to: 1 RCP2.6 & RCP8.5; miek1st century (GFDL, IPSL, MPI); 2 = Idealized
doubling of CQ emission (GFDL CM2.6) GFDL CM2.6 is much more highly resolved and was applied when
using species distribution models as it allows for much finer scale estimates accotdiagailable parameters.

The first set of climate projections were used when calculating exposure and climate risk indices as well as
changes in maximum catch potential as, while coarser than GFDL CM2.6, it includes a larger suite of
parameters that are reded for the estimation of these indicators.

Indicators Model(s) used Climate Interpretation
projections used

Fuzzy exposure index Fuzzy logic model 1 A composite multistressor index
indicating the degree of exposure of
marine species to climate hazsyrd-
100, with 100 indicating the highest
level of exposure to hazards.

Fuzzy climate risk index Fuzzy logic model 1 Risk of impacts of marine species tc
climate change; 1100, with 100
indicating the highest risk of impacts

Changes i ntats Species distribution 2 Impacts of climate change on the
suitability index (HSI) models environmental niche of each specie:
Changes in the sum of Species distribution 2 Impacts of climate change on the
speci esd6 hab models availability of suitable habitats for
index (HSI) marine assemblages
Species invasion Species distribution 2 Projection of the number of species
models newly occurring locally
Species local extinction Species distribution 2 Projection of the number of species
models disappearing locally
Change in maximum catch Dynamic bioclimate 1 Projection of changes in potential
potential envelope model fisheries catches.
(DBEM)
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3 RESULTS
3.1 Projected changes in ocean conditions

Increasing C@ emissions in the 21century are projeted to change mean conditions of key ocean
variables that are important to marine species in the Caribbean Sea (Bigue8, e.g. bounding box

defined by the GFDL ESM 2.6). Specifically, the Caribbean Sea is projected to become warmer, less
oxygenated with higher acidity, lower primary production and higher salinity across scenarios and
models. The changes are consistent across the lower resolution and higher resolution Earth system models
(Figuresb and6).

IS

W W\J\WN

Change in temperature (deg C)
N

Change in temperature (deg C)
Y

1951 1971 1991 2011 2031 2051 2071 2091 1951 1971 1991 2011 2031 2051 2071 2091
Year Year

0.0 0.0

N
»
N
o

Change in [02] (%)
Change in [02] (%)

<)
=)

o

=)

1951 1971 1991 2011 2031 2051 2071 2091 1951 1971 1991 2011 2031 2051 2071 2091
Year Year

Figure 5. Projected changes iaceanic and atmospheric variables in the Caribbean Sea region until the end of
the century under RCP2.6 (grey) and RCP8.5 (red) from the three Earth system models (GFDL, IPSL, MPI). (A)
Change in sea surface temperatur¥C), (B) change in sea bottom tenmagure (°C), (C) change in sea surface
oxygen concentration (%), (D) change in sea bottom oxygen concentration (%).
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Figure5Tcont 6d. Projected changes in oceanic and at mospher

end of the centuy under RCP2.6 (grey) and RCP8.5 (red) from the three Earth system models (GFDL, IPSL,
MPI). (E) Change in sea surface acidity (hydrogen ion concentration) (%), (F) change in sea bottom acidity (%),
(G), change in net primary production (%), and (H) changeatmospheric CQconcentration (ppm). The shaded
area represents the range projected across the three Earth system models.
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Figure 6. Projected ocean variables from GFDL CM2.6 for the Caribbean Sea region. Changes in (A) sea
surface temperatre (°C), (B) sea bottom temperaturéQ) (C) sea surface salinity (a)
sal i nity ( ajndusteallevdlsi Theeprojfeced phanges in atmospheric @0ncentration over time is

shown in Figure 5H.

Spatially, the surface arlabttom waters in the Caribbean Sea would become substantially warmer with
atmospheric C@concentrations at levels projected e 2030s and 2050s under RCP8.5 relative to the
average of 1970 to 2000 (Figure 9). Temperature is the primary driver oblagical impacts of climate

change on exploited fish stocks (Cheung and Paolig Cheung 2018). Warming of surface wasawvas

projected be more homogenous across the Caribbean Sea compared to warming of bottom water, although
surface water temperatuneas projected to increase more in the southern and western parts of the Caribbean
Sea. In contrast, warming of bottom water was generally projected to follow bathymetry, with a greater
increase in temperature projected to occur along shallow shelf ardl @aas. Across the water column,
warming was projected to be positively related to atmosphericc@@entration. This warming trend is less
pronounced in the bottom environment owing to the diffusion of the heat from the surface to the benthic
compartnent. These general spatial patterns of projected ocean warming in the Caribbean Sea are consistent
across the high and | ow resolsitga9.on Earth system mo
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Figure 7. Projected changes in sea surface temperature by the early (ypgeel) and the mid (lower panel) 21st
century relative to the 197@000 time period under RCP2.6 (left panel) and RCP8.5 (right panel) from the
coarser resolution Earth system models (GFDL, IPSL, MPI). The panels show the projected sea surface
temperatue as averaged across the outputs from the three Earth system models.
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Figure 8. Projected changes in sea bottom temperature by the early (upper panel) and mid (lower panel) 21st
century relative to the 1972000 time period under RCP2.6 (left panel) aR€CP8.5 (right panel) from the
coarser resolution Earth system models (GFDL, IPSL, MPI). The panels show the projected sea bottom
temperature as averaged across the outputs from the three Earth system models.

28



CRFM Research Paper Collection Vol. 9

400 ppm 535 ppm

100W  95W  90'W  85W 80W 75W 70W 65W 60W 55 W 100W 95w 90w 85W 80W 75W 70W 65W 60W 55 W

100W 95W 90W 85W 80W 75W T70W 65W 60W 55 W 100W  95W 90'W 85W 8O0W 75W TOW 65W 60W 55 W

Anomal% bottom temierature (°C)

-0.5 0 05 1 15 2
Figure 9. Projected changes in sea surface temperature (A, B) and sea bottom temperature (C, D) from the high
resolution Earth system model (GFDL CM2.6) under an average atmospherig €@centration of 400 ppm (A
C) and 535 ppm (B, D).

3.2 Vulnerability of exploited species to climate hazards in the Caribbean Sea

Overall, the selected 106 marine fishes and invertebrates were found to prefer temperatures ranging from
12°C to 27C (Figure 10). We predicted considerabldifferences in temperature preferences between
pelagic and demersal species. Pelagic species, inhabiting surface water layers, generally have similar
temperature preferences of betweefi2and 27C, with a narrow breadth (95% confidence intervals +

5°C). In contrast, demersal species, inhabiting-sutface or bottom layers of water, prefer lower
temperatures and haveraichwider range of temperature preferences.
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Figure 10. Estimated thermal preferences and tolerances of the 106 selected marigedisha n d
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Exposure of the 106 selected marine species to climate hazards were estimated to be high to very high
under both RCP2.6 and RCP8.5 by the-2id century (Figure 1). Overall, the median exposure index

for all species combined ag estimated to b4 and 100 under RCP2.6 and RCP8.5, respectively,
indicating a very high level of exposure to climate hazards (warming, deoxygenation, acidification and
decline in net primary production as projected by the three coarser resolutioh Bioba system
models).
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Figure 11. Calculated exposure to the climate hazard index for the 106 selected marine fishes and invertebrates
in the Caribbean Sea. These wviolin pl ots show the di

distribution; with the width of the plot representing the frequency distribution of the exposure index across the
106 species (i.e., the wider the plot tlyzeater the number of species that fall into a given exposure index value,
the narrower the plot the lower thedquency). An index value of 100 indicates the highest possible exposure to
climate hazards.The box plotsincluded within the violin plotsshow the median (dark horizontal bar, 94 for
RCP2.6 and 100 for RCP8.5), interquartile range (box), as well as th@immum and maximum values
(whiskers).

The vulnerability (a combination of sensitivity and adaptive capaciige Figure3) of the selected
marine assemblages was evaluaé¢dnoderate to high. The average calculated vulnerability was 60
across the 106 kted fishes and invertebrates, with"2d 7%’ guartiles of 45 and 74, respectively
(Appendix A.5). Fisheries species that were amongst the most vulnerable were snappénsjéengs,
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cyanopterusvulnerability index = 93), parrotfish (e.gcaruscoeruleus vulnerability index = 90) and
groupers (e.g.Mycteroperca tigris vulnerability index = 89). Species with the lowest calculated
vulnerabilities were small(er) reef and pelagic fishes sudPsasdupeneus maculat(spotted goatfish)
(vulnerabilty index = 19), Decapterus macarellugmackerel scad) (vulnerability index = 24) and
Abudefduf saxatiligsergeant major) (vulnerability index = 27).

Combining speciesd exposure to cli maverghighask@r ds wi
climate change impacts for the majority of th@6 selected marinéish and invertebratespecies (Figure

12, see Appendix A.5 for detailed methods). Projections show that most of the Caribbean Sea would
register a climate risk index >75 under both RGP&hd RCP8.5. Under RCP8.5, more than 70% of

pixels @eographical cells 08.5 latitude x 0.5 longitude grid) were estimated to have a climate risk

index >80(Figure 12C) More than 70% of selected Caribbean marine species were projected to have a
very hgh risk to climate impacts. Under RCP8.5, no species were categoriaelbwsor moderate risk

(Figure 12D) The climate risk index is significantly correlated with the risk of extinction as defined by

the IUCN Red List of Endangered Species (Cheatrady, 2018).

When we projected the climate risk index spatially using the predicted species habitat suitability of each
species, we found that climate risk of the species assemblages were highest along the coastal and shelf
seas region (Figure3). Offshare, climate risk isgreaterin the southern part of the Caribbean Sea (high

and very high risk under RCP2.6 and RCP8.5 by 2050), while the northern region was projecte@to have
slightly lower (moderate level) climate risk. Across both scenarios, thebateseen Cuba, Mexico,
Guatemala and Honduras registered consistently lower climate risk indices, as did two small pockets
along Costa Rica and Panama.
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Figure 12. Projected climate risk index for the 106 selected marine fish and invertebratespm the Caribbean
Sea using the fuzzy logic risk assessment model. (A, C) frequency distribution of the percentage of pixels (0.5
latitude x 0.5 longitude grid) by climate risk index for all 106 species under RCP2.6 and RCP8.5, respectively.
(B, D) The proportion of species categorized according to different levels of climate risk in the region under
RCP2.6 and RCP8.5, respectively.
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Figure 13. Calculated average climate risk index for the 106 selected marine fish and invertebrate species
projected spatially using the predicted species habitat suitability of each species under RCP2.6 (left panel) and
RCP8.5 (right panel) by the mi@1st century.

3.3 Projected changes in habitat suitability of marine species

Marine species in the Caribbean Sea amgepted to shift their distribution in response to increasing
atmospheric C@®concentration and associated ocean warming and other changes in ocean conditions
compared to current conditions. Based on outputs from the species distribution models, wedpttajec

under atmospheric Goncentration of ~400 pprselected species assemblagesild shift the centre

of their distribution ranged{stribution centroigiby 135 km + 77 km (standard deviatiarrthi relative

to average conditions between 1970 2080 based on outputs from the high resolution Earth system
model and across the three species distribution models. Under atmosphgdoncéntration of ~535

ppm, selected species assemblages would sh08km + 121 krmorth.Speci es 6 dnir@ds r i but i
were also projected to shift to deeper waters with an average shift of 2.5 m and 19.6 m under the lower
and higher C@concentration conditions, respectively, relative to average conditions between 1970 and
2000.

Habitat conditions in the Caribln Sea for marine fishes and invertebrates were projected to decrease

under the higherC& mi ssi on scenario. Across the region, th
habitat suitability index, an indicator of the environmental quality for tbeiep, was projected to decline
substantially under both ~400 ppm an®5Hpm atmospheric C&oncentration conditions (Figurd)l

This pattern was particularly pronounced for the southern and eastern Caribbean Sea.
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Figure 14. Projected total habita
suitability index (HSI) across all
106 selected marine species ai
change in HSI under different
carbon dioxide emission levels. (A
Total HSI for the 1970 to 200C
period; (B and C) changes in HSI
under scenarios of ~400 ppm an
~535 ppm atmospheric cadn
dioxide concentration in the high
resolution Earth system mode
(GFDL CM2.6).
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The projected species range shifts and large declines in habitat suitability resulted in large changes in
species assemblages across the Caribbean Sea (Fyufédloss of suitable habitat for the majority of
species under the higher g@mission scenario & projected to result in high rates of local extinction,
particularly in the northern and southwestern part of the Caribbeani@=ading the area around Cuba

and throughout the Bahamas. In contrast, species gains were projected for the northern parts of the Gulf
of Mexico along the Texas and Louisiana state coasts, in an area west of the Dominican Republic and
south of Cuba, as well as along the coast of Vieslezand northern Brazil.he overall percentagkcal
extinction and species gains were projected to increase with higher atmosphgdenCéntration. The

fact that areas of greatest species gains are similar across bgtbo@@ntrations is attributbbto
oceanographic conditions that remain similar under these future climates.
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Figure 15. Projected rate of local species extinction (A, B) and gain (C, D) in the Caribbean Sea under lower (A,
C) and higher (B, D) carbon emission scenarios. The raté$ocal species extinction and gain were calculated
based on the selected fishes and invertebrates. The lower and higher emission scenarios corresponded to
atmospheric carbon dioxide concentration of ~ 400 ppm (A, C) and ~ 535 ppm (B, D) used in thedsghution
Earth system model (GFDL CM2.6).

These results focused on aggregate change of the entire species assemblage, but it is also possible to
examine disaggregated results for additional insights on habitat suitability changes for individual species,
particularly alongside supporting literature on empirical studies that can lend support to the mechanisms
assumedo bedriving these patterns. Results for all individual species would be too numerous to examine
here, instead we present model outputs supporting empirical studies for four case study species that

are important to fisheries in the region and representative of a broad range of taxa and habitats. Empirical
studies of climate change impacts to fished species in the Caribbean are still on¢dmtihese types

of studies will become increasingly important for validating or refining regional climate model
projections and informing smallscale management responses by countries in the region. To this end,
the later phases of this broader pobjeim to develop standardized monitoring frameworks and protocols

to facilitate tracking and responding to climate change effects on fish and fisheries in the future.
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3.3.1 Species Case Study:
Common DolphinfishCoryphaena hippurys

3.3.1.1 Biology A ®
Common dolphinfis dpseferred range spans the Caribbean, Gulf

of Mexico and from the Straits of Florida to North Carolina
(Oxenford 1999). Dolphinfish typically live between 24 years,
grow fast, mature quickly (<1 year, Beardsley 1967), produce
many eggs, and spendetimajority of their time in waters above°25(Palkg 1982 Hammond 2008

Zufiinga Floregset al. 2008). They can grow to sizes >2 m, though typically range about 100 cm in length
and weigh around 7.5 kg (Froese and Pa2Mi8). Females are usually smalliean males. Dolphinfish

support commercial, artisanal and recreational fisheries and are considered the most important large
surfacedwelling fish landed by commercial fishers in the eastern Caribbean (Oxenford and 19&e

Mahon 1999). They are caint using handlines, trolling lines and longlin€stal catches by all fishing

entities operating in the Caribbean Sea region have remained fairly stable and were estimated at around
4,000 tonnes per year between 2000 and 28&4 Around Udata).

3.3.1.2 Modeling Projections

Habitat suitability for common dolphinfish is projected to experience modest declines throughout much of
the wider Caribbean Sea and very strong declines in areas of currently high habitat suitability in the
northern Gulf of Mexico (Figurd6). In both of these regions, declines in more southerly areas are
expected to be associated with increases in habitat suitability in more northerly areas. In the Caribbean
Sea, habitat suitability is expected to decline most strongly along the nodbestines of South
America while habitat suitability in the central Caribbean between Cuba, Mexico, and Haiti is expected
to slightly increase as southerly populations move north. In the Gulf of Mexico, a similar pattern is
observed where habitat suithtlyi declines offshorgbut increases closer to the northern shore of the Gulf.
These projections suggest that ongoing development of pelagic fisheries may be a more successful
adaptation strategy for Jamaica and Haiti than for nations in the Lessee#ntill

3.3.1.3 Empirical Evidence for Climate Impacts to Date

A. Direct Impacts of Temperature and Acidification

Catch per unit of longline effort (CPUE) data over time and space of dolphinfish along the U.S. east coast
showed sea surface temperature and chlorephgtincentration to be the most important variables to
understand the distribution and abundanceoafimon dolphinfishStudies have documented that dolphinfish
generally stay within 8°C of the maximum temperature observed at the surface, equivalent typically
temperatures >18°C (Furukawaal, 2011, Mertenet al, 2014). As they are highly migratory, peak catch is
seasonal (Oxenford999 Luckhurst andTrott 200Q Farrellet al, 2014) and influenced by intannual and
seasonal temperature changes iéfie; 2009). Dolphinfish catches were particularly low in the region in
2005, a year of unusually warm temperatures. This finding is in line with research showing declines in catch
rates for high temperatures off the U.S. east coast (Fetriall,2014), likely a result of northward migration
following increases in sea surfaces temperature (SST). ZdRlogeset al (2008) also reported lower catch

rates off Cabo St Lucas, Mexico, in 1998, due to lower abundances because of higher temperatuiext associa
with a particularly strong El Nifio event that year. During this event, fish displaced their distribution
northwards, with record catches for fishermen in southern California (No&89 Lea, 2000).

! Note numbers caught were the highest ever recorded in Barbados i@@DQ6ut individual were undersized, which was
unusud(Brathwaite 2007). That year was associated with cooler temperatures and ocean fronts.
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Figure 16. Speciespecific projeat d t ot al habitat suitability index (HSI)

different carbon dioxide emission levels for common dolphinfish (Coryphaena hippurus). (A) Total HSI for the
1970 to 2000 period; (B and C) changes in HSI under scenarios of ~@@® and ~535 ppm atmospheric carbon
dioxide concentration in the high resolution Earth system model (GFDL CM2.6).

Consequently, increases in temperature because of climate change are likely to see dolphinfish increasingly

extend their range poleward, withduced abundance and catches in the Caribleaddition, climate
related reductions in mixing of the water columnleading to greater stratification and reduced
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oxygenation of the upper ocean layers is already leading to a compression of theasaifable habitat

for highly migratory pelagic species (Prineeal, 2010 Strammaeet al, 2012). These authors report that

the rise of the oxygen minimum layer (the zone in which oxygen concentrations are below those suitable
for a large number of peggic species) in the tropical northeast Atlantic between-P830 has resulted in

an annual loss of 15% of suitable habitat, with projected habitat losses under climate change threatening
the sustainability of the pelagic fisheries that these specigsoiup with speciesspecific declines
dependingon the oxygen range tolerated by individual species. Over the short term, fishers may be able
to rely on catches around Fish Aggregating Devicefam travelling further from shore to track the
northward meing fish (Oxenford and Monnereg2017 2018).

While previous studies have shown that adolinmon dolphinfisthave evolved the ability to adapt to
different acidity levels in the water, their young larvae have not. Under an-acielification scenario
representative of future ocean conditions, the metabolism and movement abilities of recently hatched
dolphinfish larvae were significantly different from normal conditions, with expected impacts on
recruitment, dispersal success, and the population dysaaficthe species (Pimentet al, 2014).
Although Bignamiet al. (2014) found acidification treatment to have small effects on growth, swimming
activity, and otolith formation of larvalolphinfish a lack of effect on most variables measured in their
study lead the authors to conclude that dolphinfish may not be very sensitive to ocean acidification.

B. Indirect Impacts from Effects on Food, Habitat, and Pathogens

Common dolphinfishare carnivorous predators that mostly consume sudaedling prey (e.g.,
Exocoetidae, Clupeidae, Carangidae, Scombridae) (Oxerdodl Hunte 1999) and sometimes
mesopelagic species such as musky octoplesione moschajahalfnaked hatchetfishAtgyropelecus
hemigymnus , S| o an e d&Chauliedusp stoanf ansl ISpotfed leacudina Arctozenusrisso)
(Massutiet al, 1998). Longterm changes in plankton caused by climate change could have a significant
impact on commercial fish stocks (Hag$ al, 2005 Osmanet al, 2019, including dolphinfish
especially because awideange of this speciesd prey consume
also have limited impacts on dolphinfish as they typically are found and caught in areas of low
chlorophylla concentrations (Farredt al, 2014). Their highly migratory nature mekthem well suited

for life in low nutrient waters as they can cover great distances in search of widely dispersed prey items.
Moreover, dolphinfish eat a wide variety of organisms and are mainly opportunistic predators that adapt
to preying on species dh are abundant in their environment. While under climate change they would
likely be able to adapt their feeding habits to mostly eat species that are plentiful (TorrestRiajas
2014), modelling studies have confirmed their strong trophic dependendlyingfish as prey and
demonstrated the vulnerability of their stock status to the abundance of flyingffidtarhmedet al,

2007 Fanningand Oxenford 2011). Thus, declines in flyingfish in the future could negatively affect
dolphinfish abundancesréspective of direct climate change impacts on dolphinfish.

Juvenile and smallesized dolphinfish are known to school and associate with drifting objects such as
Sargassunspp. Sargassum natarend Sargassum fluitansgnd flotsam (Hemphill2005 Rookeret al,

2006 Mertenet al, 2014h Farrellet al, 2014). The fish use the floating mats to shelter from predators
(tuna, sharks, marlin, sailfish, and swordfish) and because large numbers of their prey can be found
underneath the seaweed or driftwoodlke et al, 1982 Luckhurts 2014). The Caribbean region has

been experiencing a surge $argassuninflux in recent year§ probablyin partbecause of increasing
temperatures and nutrient log@owet al, 2013; Maureet al, 2015; Menggiu and Hu, 2017 which in

the case ofcommon dolphinfishhas been associated with increases in landings (Monnenedu
Oxenford 2017 2018).
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3.3.2 Species Case Study:
Yellowtail Snapper@cyurus chrysurus

3.3.2.1 Biology
This species has been estimated to live up to beteigeand 17

years (Piedral969 Clarg 1983 Manooch and Drenngid987), with age at maturity

around 2 years (Claret al, 200% Muller et al, 2003). Maximum length is 81 cm (Andersd002).
Yellowtail snapper is commonly associated with coral regfadalts, seagrass beds as juveniles, and widely
distributed throughout its rangiefrom Florida to Southeastern Brazil. Larvae take approximately 30 days to
develop (Lindemaret al, 2001) and display strong swimming ability (Hogatnal, 2007). A recenstudy

found four distinct stocks dD. chrysurusn the region (Saillangt al, 2012), with one single stock along the
entire coast of Bal (da Silva et al, 2015).Yellowtail snapper is an important part of commercial, artisanal
and recreational fishies throughout the tropical, western Atlantic. It is caught using a number of gears,
including hook and line, spears, traps and nets. Averageallandings from thentire Caribbearregionfor
19972000 were estimated at 3,458 tonnes (Mudteal, 2003). Total reconstructed catches for all fishing
entities within the entire Caribbean Sea region were estimated at around 3,000 tonnes per year between 2000
and 2014 $ea Around Us

3.3.2.2 Modelling Projections

In the neaterm (roughly the 2030s)habitat suithility for yellowtail snapper is projected to experience
modest increases in some coastal waters of Mexicd, @m a iPeds 8ank, off the south coast of Haiti,

and in the coastal waters of the southerly Lesser Antilles (Fighiré/any of these gaing@aexpected to
disappear by migentury as populations continue to move north, with reductions in habitat suitability in
the southern parts of the Caribbean Sea along with modest increases in habitat suitability north of the
Yucatan Peninsula, around thertimern Gulf of Mexico and the Florida panhandle, on the Bahamian
Bank, and in the coastal waters of the more northerly Lesser Antilles.

3.3.2.3 Empirical Evidence for Climate Impacts to Date

A. Direct Impacts of Temperature and Acidification

Yellowtail snappers namally are found in waters between°@4and 36C. Wallace (1977) found that
juvenile yellowtail snappers died at temperatures between 33.5 and 34°C. As climate change will increase
water temperatures within the Caribbean region, to remain within theirrrpobfeemperature range,
yellowtail snapper may shift their distribution range northwards. This already appears to be happening as,
for example, 200@007 surveys found a large number of juveniles of tropical species, including yellowtail
snapper, in seagsa meadows along the northern Gulf of Mexico that were completely absent during
surveys undertaken in the 1970s (Fodrieal, 2010). These shifts were found to agree with observed
regional increases in air and sea surface temperatures (> 3°C) betwseemshe/eys (Fodriet al, 2010).

Such shifts northwards (and southward along the coast of Brazil) are likely to be accompanied by declines in
the abundance oélevantspecies in the Caribbean itself, and reflected in lower catches.

B. Indirect Impacts fom Effects on Food, Habitat, and Pathogens

Juveniles of yellowtail snapper typically settle into seagrass beds (so called nursery areas) (Nagelkerken

et al 200Q 200% 2002 2017 Dorenboschet al, 2004) where they spend about 2 years of their life

(Verweij et al, 2008). As they grow into adults, the fish move on to reef habitats (Nageketrlen

2009). Therefore, in addition to climate change impacts on the species itself, yellowtail snapper stocks
also will be influenced by the effects of climateanbe (and other stressors) on reefs and seagrass beds.
Juvenil esd dependence on seagrass beds may mean t
in coral reefs and that degradation of reef habitats would have less of an effect on yellaytat stihan

fish that exclusively depend on corals as juveniles and adults. However, should seagrass beds be
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particularly affected by other human stressors in addition to climate change, yellowtail shapper
populations may decline just as quickly or mongiaby.
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Figure 17.Species peci fi ¢ projected total habitat suitability

different carbon dioxide emission levels for yellowtail snapper (Ocyurus chrysurus), including (A) total HSI for the
1970 to 2000 period; (B and C) changes in HSI under scenarios of ~400 ppm and ~535 ppm atmospheric carbon
dioxide concentration in the high resolution Earth system model (GFDL CM2.6).
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3.3.3 Species Case Study: \ 4 ~
Caribbean Spiny LobstePénulirus argu} ¢ N\
)
3.3.3.1Biology )
Spny lobster is a crustacean that can grow to 45 cm in length and weig ;’

to seven kilos. Spiny lobster mature late (~2 yeamsjth age at maturity~"
being site dependentind typically live up to 12 years (Chay@001). It is
a species with a broad ggraphic range: fim Bermuda and the east coast of

the United States, to Rio de Janeiro in Brazil in the south, including the Wider

Caribbean region and the Gulf of Mexico (Holthui891). This species can be found

to adepth of 90 m and across a randeifferent habitats, including rocky reefs, coral reefs and seagrass

beds. Spiny lobsters are omnivores eating other crustaceans, shellfish (including conch), sea urchins,
worms and algae (Holthyi4991).Spi ny | obst er s s upp o importgndfisheriegf t he
estimated to contribute USD456 million to fishers and support 200,000 livelihoods throughout the Wider
Caribbean region (van Gerwe2013). Spiny lobsters are harvested using a range of gear types including
traps, gill nets, by hand ifeers), and aggregating devices (FAZD06). Stock assessments consider the
species as fully or ovesxploited over much of its range (Cochrane and Chaka&2@01). Total
reconstructed catches for all fishing entities operating throughout the Caribbaaredgen were

estimated on average at just above 4,000 tonnes per year between 2000 aBg¢2@tdynd Us

3.3.3.2 Modelling Projections

Caribbean spiny lobster is notable for a generally higher current baseline of habitat suitability index
across most partsf she Caribbean and Gulf of Mexico (Figur®)l1As a result, many of the future
changes to habitat suitability for this species in either direction are relatively minor and generally limited
to changes of less than 20%. In the shesan (roughly the 208s), lobster are expected to experience
increased habitat suitability along the north coast of South America, in the more southerly Lesser Antilles,
in offshore continental shelf areas of Jamaica, and along the deeper edge of the continental shelf in the
Gulf of Mexico. Toward the end of the century, many of these minor gains will be erased while habitat
suitability continues to improve in the northern Gulf of Mexico. Notably, a few locations in the Caribbean
Sea including some offshore areas south of Jsamand some areas between Anguilla, St. Kitts and
Nevis, and Antigua and Barbuda may continue to act as climate refuges for this species through the end of
the century. Due to their greater resilience, effective fisheries management of spiny lobsteryri@ipma

to preserve continued sustainable harvests under a future climate.

3.3.3.3 Empirical Evidence for Climate Impacts to Date

A. Direct Impacts of Temperature and Acidification

Studies in Western Australia have suggested that the low settlement levels-lafya@sof local spiny

lobster Panulirus cygnus observed since 2006 are likely due to increasing temperatures, which are
triggering animals to spawn earlier and may result in a mismatch between environmental conditions that
are favourable to the pekirvae (de Lestanget al, 2015). Such patterns may well apply to Caribbean
stocks as well. Increasing temperatures are also likely to reduce total size and size at maturity of animals
(Caputiet al, 2013). Increasing storm activity and intensity, as well an@bs in wind patterns could
negatively affect the success of recruits in coastal habitats through direct impacts on the habitats
themselves as well as a etrale201B) A recent studyrusirlg arbesologicalé s p r
niche modelling appach found large projected losses in suitable habitat for coastal lobster species
throughout the tropics and especially the Wider Caribbean region (BeRwitlagalet al,, 2018). Greater
variability in stock dynamics as a result of climatduced changein the North Atlantic Oscillation are
expected, particularly as spiny lobsters are characterized by long larval duration, therefore requiring
closer monitoring of stocks and effective implementation of fisheries management controls.
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Figure 18. Species peci fi ¢ projected total habitat suitability

different carbon dioxide emission levels for Caribbean Spiny Lobster (Panulirus argus), including (A) total HSI for
the 1970 to 2000 period; (B ard) changes in HSI under scenarios of ~400 ppm and ~535 ppm atmospheric carbon
dioxide concentration in the high resolution Earth system model (GFDL CM2.6).

B.

Indirect Impacts from Effects on Food, Habitat, and Pathogens

Panulirus argus virus 1 (PaVviLdiscovered in Florida in 1999 but since reported throughout much of the

Caribbeari kills spiny lobsters by reducing the number of oxygea r r yi n g

cell s i n t

making them extremely lethargic and unable to eat or move. While prevalence thutotighcegion is
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unknown, the number of infection reports is increasing (Muwsad., 2013), with the virus found to have
infected 60 percent or more of spiny lobsters in some areas of the Caribbean (Bedtralge&t011).
Laboratory studies suggest thatreasing temperatures associated with climate change may increase the
virulence (intensity) of the virusaused infections, and associated mortality of juvenile animals
(Behringeret al, 2009). In addition to increased disease pressure, existing hiompaats such as coastal
development, pollution, hydrological changes in coastal areas have led to the loss of, and continue to
threaten the health of, mangroves, seagrass beds and coral reefs éDapr2008). These habitats are
important to spiny loster particularly for recruitment (Butlet al, 2006). Projected increases in storm
frequency and intensity, rising temperatures and sea level rise all threaten these habitats éGalrdner
2005 Ward and Smith 2007 Fourquran and Rutter2004). Morever, a general deterioration in
ecosystem condition may lead to the increased susceptibility of spiny lobsters to diseases.

3.3.4 Species Case Study:
Queen Conchl{obatus gigas

?
3.3.4.1 Biology T
Queen conch (formerly known &trombus gigas)s a shellfish distributd hpd

throughout the Wider Caribbean region that can grow to 30 cm in length and/
weigh up to three kiloQueen conch is a herbivore feeding on seagrass, algaes
and particulate (very small) organic matt®ueen conch mature late (315
years) (Stoner and Sandl992; de Jestd¥avarrete and AldarAranda,

2000; Stonert al, 2012) and can live up to 20 years or more (Peidal,
2017). Conch move slowly, only breed in aggregations and may not reproduce if their

densities fall below 50 adults per hectare @8, per km) (Stoner and Ragulp, 2000). Thereforegonch
distribution and density istrongly influenced by fishing pressure (Glazer and Kidn2904) with
populations showindow resilience to fishing mortalityOnce depletedthey may not recover eagil
(Appeldoornet al, 2011).Queen conch is one of the most importamdl highly valuedishery resources

in the Caribbeanvith a longtradition throughout the region. The fishery is generally artisanal in nature
operaing primarily out of Jamaica(which dso has an industrial fisheryfColombia, Cuba, Honduras,
Nicaragua, Belize, Turks and €a$, and The Bahamaspeldoornet al, 2011 CRFM, 2012.Total
reconstructed catches for all fishing entities operating throughout the Caribbean Sea region were
estmated on average at 2,500 tonnes per year between 2000 and 2011, and close to 3,500 tonnes per year
on average between 2011 and 20344 Around Us A large proportion of catches is fished for export

with only 515% of total landings being consumed ldgat the region (CRFM, 2012).

N

Queen conch is listed under CITES Appendix heaning trade is allowed, but requires the delivery of
permits and for exporting countries to demonstrat
in the wild In the context of the Review of Significant Trade in specimens of Appéhiiixed species,

the CITES Standing Committee regularly recommends trade suspensions for countries that it has
determined to have failed to implement Article IV of the Convent@urrently, Grenada and Haiti are

subject to a recommendation to suspend trade of queen conch (QIES.

3.3.4.2 Modelling Projections

Despite modest baseline habitat suitability indices across the greater Caribbean, habitat suitability is
expected to expence only small changes in either direction (less than 20%) across the region under a
nearterm atmospheric carbon scenario. Changes are expected to become more pronounced as
atmospheric carbon concentration increases, with habitat suitability dediloing the Caribbean ast

of Central America, around the Florida Keys, and across the Bahamian Bank. Queen conch habitat
suitability is also expected to decline across the Pedro Bank of Jammaticacrease in areas around the
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bank, which may be associdtaith a shift of the resource into deeper demersal habitats that may make
harvest more challenging.
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Figure 19. Species peci f i ¢

projected

tot al

habitat

suitability
different carbon dioxide mission levels for Queen Conch (Lobatus gigas), including (A) total HSI for the 1970 to

2000 period; (B and C) changes in HSI under scenarios of ~400 ppm and ~535 ppm atmospheric carbon dioxide
concentration in the high resolution Earth system model (GFQIM2.6).
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3.3.4.3 Empirical Evidence for Climate Impacts to Date

A. Direct Impacts of Temperature and Acidification

Extended spawning seasons because of higher temperatures may dingter effects on conch
populations through changes in habitat suitabilitdeed, a conch require a minimum temperature of
27.7°C to reproduce (with individuals being in resting stage below 27.5 °C), higher temperatures may
lead to greater proportions of individuals spawning/being ripe all year round (rather than few individuals
with adiscrete spawning season). This however may depend on the degree to which reproductive strategy
is genetically informed as well as food availability (Contreras Espiebsd, 1994, cited in Aldana
Arandg 2014).Heat stress may also affect peak repraduadf conch are unable to acclimate to further
temperature increases (Apeldoorn and Bakéd 3). Higher temperatures may also alter reproductive
patterns across the region, with continuous annual low levels of reproduction dominating in the west and
isolated, intense reproductive events in the east (Aldana Ar&@da). In combination with climate

driven changes in ocean circulation this could affect ultimate settlement success, especially as more acid
waters are also likely to reduce larval survivaésafAldana Arand&2014 Aldana Aranda2016, cited by
OxenfordandMonnereau2017). Finally, as conch are densitgpendent with regards to mating and-egg
laying, possible climate change reductions in number of individuals could have a profound effext on
reproductive strategies and reproductive success of conch populations €tahe2012b).However,

higher temperatures could also be expected to increase queen conch growth rates, reducing juvenile
mortality, and leading to individuals reachingtority faster, in turn increasing the reproductive output of

any population (Appeldoorn and Bak2013).

Aci dification has negative conseqguences on gueer

aragonite, which can dilute in acidic environmentsurtiatet al, 200Q Aranda and Manzan@017). In

more acidic waters, queen conch mayeexpmore energy to produce their shells, at a cost to growth rate
and reproduction or simply build less dense and thus weaker shells (2606€Y. In combination with

high temperatures, acidification may lower survival rates of conch larvae (Aldana A2@iéa cited in
OxenfordandMonnereau2017). Overall however, to date, there is mixed evidence for clear acidification
effects on animal fithesé with some studiesgonducted on a range of species, indicating little to no
impact, while others showed lowered ability to escape predators efficiently at high acidification levels
(see summary provided in OxenfaddMonnereay2017).

B. Indirect Impacts from Effects on &0 and Habitat

Projected changes in ocean currents under climate changet(&iy2012) could also have more subtle
impacts on conch populations through changes in the rate and condition of larval. Effects of these changes
are not known; results coule keither positive or negative to conch populations.

Increasing storm activity because of climate change can cause substantive disturbance to habitats
important to the species (e.g., reefs, algal plains, seagrass beds), negatively affecting queen conch
recruitment. As overfishing iscurrently one of the most major and immediate threats to the species
(Appeldoorn et al, 2011, effectively regulahg fishing activities and protecig critical habitat
throughout the Caribbeae key tangible measures to pag conservation of the species

3.4 Projected changes in fisheries catch potential

Climate change is projected to result in a substantial decline in maximum fisheries catch potential
throughout the Caribbean region (Figuz6). Overall, maximum fisheries tz potential across all
exploited species a&s projected to decrease by 203039 and 205@059 relative to 1972000 under
RCP8.5. Although these projections were based on the coarse resolution Earth system models, the
atmospheric C@concentration in thee two time frames under RCP8.5 closely correspond to the ~400
ppm and ~385 ppm projection outputs from the high resolution Earth system model. Regionally, the
decline in maximum catch potential was projected to be highest throughout the southern part of t
Caribbean Sea.
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Even under RCP2.6 maximum catch potential is projected to decrease across the two time periods (Figure
20, B and D) Some observations require explanantiofor instance in DEven withsignificant GHG
mitigation efforts(RCP 2.6).climate change wiltontinue tohave substantial impacts on the oceans for

the next 60 yearslue toongoing biogeochemical processes.

In all scenarios, he projected maximuntatch potential is also a reflection of selected species, the

combination of enviromental preferences that make up their niche and how these will change in the
future, as well as how the species throughout their life history respond to these changes.
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Maximum Catch Potential

2030-2039

100W 95w S0W  85W  BOW  75W  TOW  65W  60W 55 W 100W 95w 9w 85W 80w 78W  70'W  65W  60W 55 W

2050-2059

00W  95W 90w 85W  BOW  75W  TO0W  B5W  60W 55 W 100W  95W 90w BSW  80W 7T5W  FOW  B5W  60W 55 W

Change in Maximum Catch Potential (%)

70 -50 -30 15 -10 -5 0 5 10 15 30 50 70
Figure 20. Projected maximum fisheries catch potenti al

the 21st century based n outputs from three Earth system models (GFDL, IPSL, MPI). (A) Modelled average
maximum catch potential in 1972000; (B and D) Projected changes in maximum catch potential by 2@839
and 20502059 under RCP2.6; (C and E) Projected changes in maximum catch potential by-2030 and 2050
2059 under RCP8.5.
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Based on the outputs from the coarser resolution Earth systatals, projected changes in exploited

species distribution and maximum catch potent
case study countries (Figuré)2
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Figure 21. Projected changes sea surface temperature, bottom temperateading the higher resolution earth

system mode{CM2.6) and projected changes in sp

ecies richness (as represented by local extinction and local

gains) and marine catch potential (under RCP2.6 and RCP 8.5) in the exclusive economic zones of the six case
study countries as projected by the coarser Eart system models (GFDL, IPSL, M#tjected changes in sea

bottom temperature for

proximity to the shelf area off Venezuela.

4 DISCUSSION

4.1 Risk and impacts of climate change

Grenada differ mar kedly than f

This assessment highlights that the Caribbean Sea is amongst the most highly vulnerable and at risk

region of the worl dos

0 Cc echah, 2018). Reselts presdntednrathisestudyh a n g e

gererally support the conclusions from previous gledile assessments and studies such as the Fifth

49



CRFM Research Paper Collection Vol. 9

Assessment of the Intergovernmental Panel on Climate Change (IPCC) (Gattalso2015; IPCC

2014). Increasing greenhouse gas emissions are altering amaditions and are projected to increase the

risk of impacts to marine species and ecosystem services as a result of warming, ocean deoxygenation,
acidification and changes in ocean productivity. The herein provided multiple lines of evidence from
different climateo cean and | i ving marine resource model s s
biodiversity and fisheries are facing large challenges in the near future under climate change. Specifically,
most exploited marine species will be at very highseowation risk because of climate change, with

much of their current habitat becoming unsuitable to them. Thus, the Caribbean region will see a
substantial decline in species richness. As a consequence, potential fisheries catches are also projected to
suffer declines. All of these changes are projected to happen in the next few decades, particularly if
carbon emissions cont i nuesuusnuaabl abt esdc efnoalrlioowi ng t he

A large part of the high climate risk of marine species assemblages iratifdb&an Sea is a result of

their biogeography. Species assemblages in the region are largely dominated by tropicattienmicalb

species with relatively narrow thermal tolerances compared to species adapted to live in temperate waters.
Also, many of tle species have strong associations to particular habitats during part or all of their life
history stages. These characteristics render the species assemblages highly sensitive to climate change
hazards. Such high biological sensitivity is reflected inléinge changes in the habitat suitability index

and projected species local extinction in the region. This finding is in line with previous global scale
analyses that project large declines in species richness throughout the tropical seas (Jones and Cheung
2015). However one novel aspect of the analysis presented in this study, is the use of a not previously
available high resolution Earth system model that allowed us to reveatgiobal patterns of risk and

i mpact s. From t hi s emmgadreof thesCaribhedanSaat region emérges as amongst
the most at risk and impacted under ocean conditions to be expected over the next few decades.

The projected decrease in maximum catch potential and changes in species assemblages will likely pose
substantial challenges to the fishing communities in the region. Many of the highly vulnerable and at risk
species to climate change are commonly targeted and highly valuable species such as groupers, snappers
and parrotfishes. The loss of these species Imaang large impacts on coastal fisheries and dependent
communities from both a food security as well as livelihood perspective. Some species that are tolerant to
the warmer ocean will be less affected by climate change, with our analysis suggesting¢hspeloies

are likely to be smaller reef and pelagic speciesdtaturrently afforeéd lower market values, but still

provide reasonable nutrition. Planned linked seetainomic analyses as a part of the overarching project

that will use the outputs pdoced herein will further elucidate the impacts of our projected ecological
changes on the complexity of fisheries dynamics in the Caribbean Sea.

Given the high sensitivity of marine species in the Caribbean Sea i@m@Gsions, the lead time for
marinebiodiversity and dependent human communities to adapt to climate change impacts is expected to
be short. The projected high level of risks and impacts in the Caribbean Sea are based on environmental
conditions and atmospheric G@oncentrations that are gacted in the next few decades, highlighting

the urgency of impending climate challenges and acute need to develop and implement effective
mitigating and adaptive measures. Other aspects of climate etedatpael impacts such as storms, sea
level rise andother extreme events, in addition to other4sbmatic stressors such as overfishing (see
Final Reporti Part B for analysis of the interactions between fishing and climate change), poor land
management practices, and pollution are likely to further ematethe climate risks in the region, pose
additional constraints to adaptation and further underline the need to urgently develop appropriate social
ecological response mechanis(R#tman et al. 2015; Gattuso et al. 2018; Miderl.2018)
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4.2 Key uncertainties and challenges

Assessing climate change impacts on biological systems in the future inevitably requires making a range
of assumptions. The following are highlighted as key assumptions in our analysis. We also describe the
potential implications ofhese assumptions for the findings and conclusions of this assessment.

Biological adaptationour projection models did not account for the scope of evolutionary adaptation of
marine species. If species can adapt genetically, they may be less seogdtieetojected changes in

ocean conditions. However, the close relationship between biological responses of marine species such as
range shifts and ocean temperature in padea contemporary periods under a similar rate of warming
suggest that evolutiany adaptation to climate change may be limited for marine species (Retrtider

2014). Also, we have accounted for the potential scope for adaptation in the risk assessment, and we
found that those species that were estimated to have highest risknday e species that grow slowly,

mature late and have long generation times. These biological traits do not favour rapid evolutionary
responses to environmental changes.

Trophic interactionsour modelling approaches are spediased and do not considtrophic interactions
explicitly. Shifts in species distribution and other biological responses such as changes in growth and
food consumption will likely alter species interactigBsanchard, 2015; Libralatet al.,, 2015) This may

further exacerbatehé risk of climate change on the ecological communities in addition to adding
uncertainties to the future of marine ecosystems in the Caribbean Sea. Thus, our estimates of potential
risk and impacts may be considered conservative.

Others there are othguotential sources of uncertainties in our assessment. Firstly, we may underestimate
the ecological ri sk from the potenti al existence
irreversible changes. Given the high level of projected climarartia and the sensitivity of marine
assemblages, the risk of such ecological tipping points cannot be ignored. Moreover, we did not consider
the interactions between climatic and other -nlimatic human stressors such as pollution, habitat
destruction andverfishing (Grahamet al 2011; Zaneveldet al, 2016; Duranet al. 2018) Current

knowledge suggesthat these other human stressors are likely to add to or exacerbate climate impacts.
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Appendix A.1 List of selected species fdahis assessment.
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Species hame Common name Category Habitat
Abudefduf saxatilis Sergeant major Fish Coastal
Acanthocybium solandri Wahoo Fish Pelagic
Acanthurus bahianus Ocean surgeon Fish Coastal
Acanthurus chirurgus Doctorfish Fish Coastal
Acanthurus coeruleus Blue tang Fish Coastal
Actinopyga agassizii Five toothed sea cucumber Invertebrate Coastal
Apsilus dentatus Black snapper Fish Coastal
Astichopus multifidus Furry sea cucumber Invertebrate Coastal
Balistes vetula Queen triggerfish Fish Coastal
Calamus calamus Porgy Fish Coastal
Carangoides bartholomaei Yellow jack Fish Coastal
Caranx crysos Blue runner Fish Coastal
Caranx hippos Crevalle jack Fish Coastal
Caranx latus Horse eye jack Fish Coastal
Caranx lugubris Black jack Fish Coastl

Caranx ruber Bar jack Fish Coastal
Cephalopholis cruentata Graysby Fish Coastal
Cephalopholis fulva Coney Fish Coastal
Clepticus parrae Creole wrasse Fish Coastal
Coryphaena hippurus Common dolphinfish Fish Pelagic
Decapterus macarellus Mackerel sad Fish Pelagic
Decapterus punctatus Round scad Fish Coastal
Elagatis bipinnulata Rainbow runner Fish Coastal
Epinephelus adscensionis Rock hind Fish Coastal
Epinephelus guttatus Red hind Fish Coastal
Epinephelus striatus Nassau grouper Fish Coastal
Etelis oculatus Queen snapper Fish Coastal
Hirundichthys affinis Fourwing flyingfish Fish Pelagic
Haemulon album White margate Fish Coastal
Haemulon aurolineatum Tomtate Fish Coastal
Haemulon bonariense Black grunt Fish Coastal
Haemulon carbonarium Caesar grunt Fish Coastal
Haemulon chrysargyreum Smallmouth grunt Fish Coastal
Haemulon flavolineatum French grunt Fish Coastal
Haemulon macrostomum Spanish grunt Fish Coastal
Haemulon melanurum Cottonwick grunt Fish Coastal
Haemulon parra Sailombés gru Fish Coastal
Haemulon plumierii White grunt Fish Coastal
Haemulon sciurus Bluestriped grunt Fish Coastal
Haemulon striatum Striped grunt Fish Coastal
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Species hame Common name Category Habitat
Halichoeres radiatus Puddingwife wrasse Fish Coastal
Hemiramphus balao Balao halfbeak Fish Coastal
Hemiramphus brasiliensis Ballyhoo halfbeak Fish Coastal
Hippocampus erectus Lined seahorse Fish Coastal
Holocentrus adscensionis Squirrelfish Fish Coastal
Holocentrus rufus Longspine squirrelfish Fish Coastal
Holothuria (Halodeima) floridana | Floridasea cucumber Invertebrate Coastal
Holothuria (Halodeima) mexicang Donkey dung sea cucumber Invertebrate Coastal
Hyporthodus flavolimbatus Yellowedge grouper Fish Coastal
Isostichopus badionotus Three rowed sea cucumber Invertebrate Coastal
Istiophorusalbicans Sailfish Fish Pelagic
Kajikia albida White marlin Fish Pelagic
Katsuwonus pelamis Skipjack tuna Fish Pelagic
Lachnolaimus maximus Hogfish Fish Coastal
Lobatus gigas Queen conch Invertebrate Coastal
Lutjanus analis Mutton snapper Fish Coastal
Lutjanus apodus Schoolmaster Fish Coastal
Lutjanus buccanella Blackfin snapper Fish Coastal
Lutjanus cyanopterus Cubera snapper Fish Coastal
Lutjanus griseus Gray snapper Fish Coastal
Lutjanus jocu Dog snapper Fish Coastal
Lutjanus mahogoni Mahagonysnapper Fish Coastal
Lutjanus purpureus Southern red snapper Fish Coastal
Lutjanus synagris Lane snapper Fish Coastal
Lutjanus vivanus Silk snapper Fish Coastal
Makaira nigricans Blue marlin Fish Pelagic
Megaptera novaeangliae Humpback whale Marine manmal Pelagic
Mulloidichthys martinicus Yellow goatfish Fish Coastal
Mycteroperca interstitialis Yellowmouth grouper Fish Coastal
Mycteroperca tigris Tiger grouper Fish Coastal
Mycteroperca venenosa Yellowfin grouper Fish Coastal
Myripristis jacobus Blackbar soldierfish Fish Coastal
Neoniphon marianus Longjaw squirrelfish Fish Coastal
Ocyurus chrysurus Yellowtail snapper Fish Coastal
Opisthonema oglinum Atlantic thread herring Fish Coastal
Panulirus argus Caribbean spiny lobster Invertebrate Coastal
Priacanthus arenatus Atlantic bigeye Fish Coastal
Pristipomoides aquilonaris Wenchman Fish Coastal
Pseudupeneus maculatus Spotted goatfish Fish Coastal
Pterois volitans Red lionfish Fish Coastal
Rhomboplites aurorubens Vermillion snapper Fish Coastal
Sargassum fluitans Sargassum Algae Pelagic
Sargassum natans Sargassum Algae Pelagic
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Species hame Common name Category Habitat
Sargocentron coruscum Reef squirrelfish Fish Coastal
Sargocentron vexillarium Dusky squirrelfish Fish Coastal
Scarus coelestinus Midnight parrotfish Fish Coastal
Scaus coeruleus Blue parrotfish Fish Coastal
Scarus iseri Striped parrotfish Fish Coastal
Scarus taeniopterus Princess parrotfish Fish Coastal
Scarus vetula Queen parrotfish Fish Coastal
Scomberomorus cavalla King mackerel Fish Coastal
Scomberomorus mafatus Atlantic spanish mackerel Fish Pelagic
Scomberomorus regalis Cero Fish Coastal
Selar crumenophthalmus Bigeye scad Fish Coastal
Sparisoma aurofrenatum Redband parrotfish Fish Coastal
Sparisoma chrysopterum Redtail parrotfish Fish Coastal
Sparisona rubripinne Yellowtail parrotfish Fish Coastal
Sparisoma viride Stoplight parrotfish Fish Coastal
Sphyraena barracuda Great barracuda Fish Coastal
Sphyraena picudilla Southern sennet Fish Coastal
Tetrapturus georgii Roundscale spearfish Fish Pelagic
Tetrapturus pfluegeri Longbill spearfish Fish Pelagic
Thalassoma bifasciatum Bluehead wrasse Fish Coastal
Thunnus alalunga Albacore tuna Fish Pelagic
Thunnus albacares Yellowfin tuna Fish Pelagic
Thunnus atlanticus Blackfin tuna Fish Pelagic
Thunnusobesus Bigeye tuna Fish Pelagic
Thunnus thynnus Atlantic bluefin tuna Fish Pelagic
Trachinotus falcatus Permit Fish Coastal
Tursiops truncatus Common bottlenose dolphin Marine mammal Pelagic
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Appendix A.2. Method of fuzzy logic expert system to caldate the risk and vulnerability of fishes
to climate change and fishing

We adapted published algorithms documented in Jones and Cheung (2017) andeClay2005) to

calculate indices of vulnerabilities and risk of impacts to climate change (inclodean acidification)

and fishing (for Part B of the report), respectively, for exploited marine fishes. Vulnerability was
determined by the intrinsic sensitivity and adaptive capacity of the species to the stressors (fishing and
climate change) while riskf impact was a combination of the degree of exposure to hazards from the
stressors and the speciesd vulnerability. Vul ner
guantitative indices that scale from 1 to 100, with 100 being the most vulnenalaerisk to the

stressor(s). Descriptisrof the indices calculation are summarized in the following.

Calculating vulnerability and risk of impacts

We predicted a speciesd6 vulnerability wusing a f.

componentgCheunget al, 2005)

@QDQFuzzification: I ndicators of exposure to fishi
ecological traitswere categorized into one or more levels simultaneously, with the degree of
membership to the levels being defined by fuzzy membership functions:

The definition of rules used to classify into different categories to calculate an overall index of exposure
climate hazardgEx\) and the levels of attributes used to define categories of sensitivity and adaptive capacity.

Categories and their resulting linguistic level

Exposure Low Moderate High Very High
Exposure valueExV) 1>ExV 0.5<ExV<2 1<EXV<3 2<ExV
Sensitivity Low Moderate High Very High
Temperature tolerance (T%G) 7>TT 3<TT<10 7<TT<14 10<TT
Maximum body length (BL, 40 > BS 20<BS<60 40<BS<80 60<BS<80
cm)

Maximum body length & high 20<BS <60 40>BSand
coral reef association and coral reef coral reef

association >1 association >1

Taxonomic group (ocean Fishes, Fishes, Crustaceans, Molluscs, sea
acidification) crustaceans, crustaceans, molluscs, sea urchins

sea cucumbers sea cucumbers urchins
Adaptive Capacity Low Moderate High Very High
Latitudinal breadth (LB, degree 19 >LB 10<LB<50 19<LB<70 70<LB
Depth range (DR, m) 35 >DR 10<DR <200 35<DR <570 200<DR
Fecundity (Fec, eggs or pups 500 >Fec 500 <Fec < 1000 <Fec < 10000 <Fec
per year) 10000 100000
Habitat specificity (HS) 0.5 <HS 0.25 <HS< 0.1 <HS< 0.5 0.25>HS

0.75

Attributes, levels and the fuzzy membership functions of different life history attributes and the Ocean
Health Index (fisheries) for calculating tlelnerability and risk of impacts of marine species to fishing.
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Attributes Levels Functions* Values at limits VEINES i fl.J"
membership
Maximum body size | Small Trapezoidal <50 cm <20cm
Medium Triangular 207 75 cm 50 cm
Large Triangular 5071 150 an 100 cm
Very large Trapezoidal > 100 cm > 150 cm
von Bertalanffy growth| Low Trapezoidal | < 0.2 year < 0.005 yeat
parameter K
Medium Triangular 0.005i 0.5year | 0.2 year
High Triangular 0.27 0.8 year" 0.5 year
Very high Trapezoidal | > 05 year" > 0.8 yeal
Natural mortality rate | Low Trapezoidal | < 0.2 year < 0.005 yeat
Medium Triangular 0.005i 0.5year | 0.2 year
High Triangular 0.27 0.8 year' 0.5 year
Very high Trapezoidal | > 0.5 year > 0.8 year
Age at maturity Smdl Trapezoidal < 3 years <1vyear
Medium Triangular 171 5years 3 years
Large Triangular 31 7 years 5 years
Very large Trapezoidal > 5 years > 7 years
Maximum age Small Trapezoidal <5 years <2 year
Medium Triangular 21 15 years 5 years
Large Triangular 51 35 years 15 years
Very large Trapezoidal > 15 years > 35 years
Geographic range Small Trapezoidal | <3168 knd < 1584 kmi
Medium Triangular 15847 5730 knf | 3168 kn?
Large Triangular 3168i 14335 km | 5730 knt
Very large Trapezoidal | > 5730 knf > 14335 km
Spatial aggregation Low Trapezoidal <40 <20
strength
Medium Triangular 207 60 40
High Triangular 4071 80 60
Very high Trapezoidal > 60 >80
Annual fecundity Very low Trapezoidal <20 eqqg ind <10 eqqg ind
Low Triangubr 107 100 egg ind | 50 egg ind
Not low Trapezoidal | > 50 egg indt > 100 eqg ind
Ocean Health Index Low Trapezoidal <0.25 <0.05
(fisheries)
Medium Triangular 0.051 0.5 0.25
High Triangular 0.2571 0.75 0.5
Very high Trapezoidal >0.5 >0.75

* Thesefunctionsrefer to the shape of the curves when mapping the fuzzy membership functions. See Figure 2 for a visualisation of these
functions

For fishing hazard, we used the fisheries components of the Ocean Health Indefis(@fs) to
reprsent the fishing hazar dalparmet af, 2042) e @OHIpndgx isl at i on
considered a measure of ocean health across cousmidebigh seas regions worldwide and consists of

multiple components organised into four dimensions: status, resilience, pressures a@Htrdistieries

represents the amount of catches that were sustainably harvested. It was calculated based on the
popd ati on biomass of each reported fisheries stoc
sustainable yield. For each exclusive economic zones (EEZs) and the high sedisidsdbby ocean

65



CRFM Research Paper Collection Vol. 9

basin), the overall OHfisheries index was calculated fromet geometric mean of the values for all
stocks weight ed (Bajpereetat, B012 The origitasOHfisheries index published
in Halpernet al (2012) and applied at a global scatzales between @d1, with O indicating that no
fish stocks are at sustainable lesvdlhe OHI index is available for a number of countries, but not all.
Thus, in instances where countipecific data waavailable we used those values, otherwise we applied
the average estimated Ofkheries index across 267 maritime countriest9 from the assessment
conducted in2016 as the statwpuo scenariqHalpernet al, 2017; see alsbttp://ohiscience.org/ohi
global). In addition, we evaluated two idealized futdishing scenariosa sustainable scenario in which
all consideredegions have an OHisheries index valu¢hat isdoubled (with a maximum value @j;

and anoverfishing scenario in which alkonsideredegions have an OHisheries indexhat ishalved.
Fishing hazards were categorized into low, medium, high and very high based on tfigh&tits index
and the fuzzy membership functions for eaategory (Table S1).

Climate hazards are indicated by the changes in annual average physical and biogeochemical ocean
conditions by the midand end of the Z1century under two different scenarios (see Jones and Cheung

2017 for details). Attributes regsenting climate hazards included sea water temperature, oxygen
concentration and hydrogen ion concentration (sea surface and bottom for pelagic and demersal species,
respectively). Outputs of projected changes in these variables were from three fplddearth system

models: the Geophysical Fluid Dynamic Laboratory ESM2G (GH3IM2G), the Institute Pierre Simon

Laplace CM5AMR (IPSL-CM5A-MR) and the Max Planck Institute ESMR (MPI-ESM-MR). We

regridded the Earth system model outputs onto & latiude x 0.5 longitude grid of the world ocean. In

each cell, we expressed the local climate hazard as changes in mean condition of each variable relative to
annual variability of the historical period of the Earth system model simulations (standardodewfati

annual values from 1951 2000) for two future periods: the ml* century (average of 204112060)

and the end of the 2Tentury (average of 20812100). As we considered the actual temperature and the
variability experienced by the speciesidgrthe historical period as the baselioknate variability was

not needed in the modaself. We considered two greenfasusual gas s
Representative Concentration Pat hway (f RCH2Y 8.5
scenario.

We determined exposure to climate or fishing hazards for each species based on its geographic range. We
obtained current range boundary for each species as predicted using the Sea Around U ometsatd

al.,, 2012) The ramge boundary was defined based on latitudinal and depth ranges, as well as expert
delineated occurrence range boundaries such as those published in FAO species catalogues. The range
boundary was then subsequently gridded on a 0.5° latitude x 0.5° longipadial resolution. The
exposure to hazard of each species was based on the climate and fishing hazards level in the grid cells
where the species was expected to occur.

Life history and biological c har ac tadaptivescapadgtys t hat
included: maximum body size, von Bertalanffy growth parameter K, age at maturity, longevity, fecundity,

an index of spatial aggregation behavior, temperature preferences, geographic range, latitudinal range,
depth range, taxonomic groapmd association to specific habitats (see Chetiradj, 2005 and Jones and

Cheung 2017 for details). Data for these attributes were obtained from FishBasef(shbase.organd
SealifeBase (www.sealifebase.org).sing data was allowed in the fuzzy logic framework. However,

since maximum body size is an important predictor of the vulnerability of marine fishes to fishing and
climate change, we used it as a minimrequirement for the analysis.

(2) Fuzzy reasoningThe | evel s of fishing and <climate <chan
ecological traits were classified into levels of exposure to hazards, sensitivity and adaptive capacity.
Consequently, these | evels wer etyandnslbdfimegadisbased det er
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on predefined heuristic rules. We used published heuristic rules to determine the vulnerability of marine
fishes to climate change (Jones and CheR@dy7) and fishing (Cheurgg al, 2005).

Actions defined by each rule wemperated when a threshold value of membership was exceeded

(threshold degree of membership = 0.2, as used by Jones and Cheung (2017) aneiClie(2GD5)),

thereby defining the minimum required membership of the premise that an expert would exjgect for

particular rule to bériggered The algorithm accumulated the degree of membership associated with each

level of conclusions from the rules using an algorithm called MYCIN (see Clee@ahg2005), where:
AccMem.q) = AccMem; + Membershig.q) x (1 - AccMeny))  eq. 1

whereAccMemis the accumulated membership of a particular conclusion (e.g., high vulnerability) and
denote one of the rules that has led to this concludibis. algorithm facilitates the consideration of
multiple lines of eviénce (e.g., the vulnerabilities of the species and the exposure to climate hazards) to
determine the final degree of membership of the concluioajoint climatefishing risk of impacts was
based on the Euclidean distance between the predicted clinzetgecand fishing risks of impacts, e.g., if

risk of impact from climate change is high and risk of impact from fishing is high, then the joint elimate
fishing risk of impact is high (Table 1).

(3) Defuzzification: Vulnerability and risk of impacts wepgeessed on a scale from 1 to 100, 100 being
the most vulnerable and at risk, respectively. Index valluedv/dl) correspond to each vulnerability
category X) were: Low = 1, Moderate = 25, High = 75 and Very high = 100. The final irffdlain) of

risk of impacts or vulnerability was calculatex the average of the index values weighted by their
accumulated membership (Chewial, 2015):

Ei_ AccMemyIndvaly

Ei_, AccMemy

Finlnd = eq. 2.
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A.3 Life history variables used in calculating the climate risk index with the fuzzy logimodel and

to derive species vulnerabilities to climate changéife history information and ecological data for all

species were collated from published databases including FishBase, SealifeBase and the Sea Around Us
databaseThe list is sorted by decrsiag order of calculated climate vulnerabilities of the species: NA

not available. The fuzzy logic algorithm could accommodate missing variables.

Fecundity | Latitudinal . Vulnerabilities
Scientific name LR (eggs per range 2 Ha.k)!t"’.‘t (100 = most
() year) (degree) R ()| SRR vulnerable)

Lutjanus cyanopterus |131 NA 37 37 0.75 93
Lutjanus jocu 105 NA 51 38 1 90
Lutjanus analis 94 NA 64 70 0.75 90
Scarus coeruleus 120 NA 63 22 0.5 90
Mycteroperca tigris {101 NA 65 30 0.5 89
Lachnolaimus meémus|91 288097 80 27 0.5 88
Scarus coelestinus |77 NA 57 70 0.5 88
Mycteroperca 84 NA 62 148 0.75 88
interstitialis

Lutjanus vivanus 83 NA 48 152 0.5 88
Caranx latus 92 NA 64 139 0.75 88
Caranx lugubris 100 NA 60 342 0.75 88
Lutjanus griseus 89 NA 49 175 0.75 88
Mycteroperca veneno4100 NA 65 135 0.5 87
Lutjanus buccanella |75 NA 45 180 0.5 87
Scarus vetula 61 NA 41 22 0.5 87
Etelis oculatus 100 NA 49 350 0.5 86
Apsilus dentatus 65 NA 20 200 0.5 82
Epinephelus guttatus |76 549086 30 98 0.5 81
Ocyurus chrysurus 86 NA 47 179 1 80
Lutjanus purpureus |100 NA 43 314 NA 80
Caranx ruber 65 NA 52 34 0.75 78
Epinephelus striatus 122 NA 69 89 0.25 77
Hyporthodus 115 NA 70 211 NA 75
flavolimbatus

Thunnus atlanticus  |120 NA 66 950 0.25 75
Rhomboplites 60 NA 61 260 0.5 74
aurorubens

Carangoides 100 NA 67 50 0.5 74
bartholomaei

Lutjanus mahogoni |48 NA 45 100 0.5 73
Lutjanus synagris 60 NA 65 390 0.75 73
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Fecundity | Latitudinal . Vulnerabilities
Scientific name LR (eggs per range 2 Hap!tgt (100 = most
() year) (degree) R ()| SRR vulnerable)
Elagatis bipinnulata {180 NA 73 149 0.75 72
Sparisoma viride 51 NA 40 47 0.75 71
Isostichopus badiartus| 50 NA 40 65 0.5 69
Acanthocybium 250 NA 83 11 NA 68
solandri
Lutjanus apodus 55 NA 44 61 0.5 67
Sphyraena picudilla |58 NA 70 64 0.75 66
Halichoeres radiatus |51 NA 56 52 0.5 66
Sargocentron coruscu|15 NA 25 29 0.5 66
Haemulon 43 NA 66 20 0.5 65
macrostomum
Sparisoma rubripinne |39 NA 30 14 0.75 64
Haemulon bonariense|43 NA 42 170 0.5 64
Actinopyga agassizii |35 NA 40 54 0.5 64
Hirundichthys affinis |30 NA 0 20 NA 64
Panulirus argus 45 NA 60 89 0.5 64
Tetrapturus pfluegeri (282 NA 75 199 NA 63
Trachinotus falcatus |[122 NA 67 36 0.5 63
Haemulon carbonariur| 36 NA 67 22 0.5 63
Lobatus gigas 35 NA 42 71 0.75 61
Tetrapturus georgii 184 NA 0 200 NA 61
Scarus taeniopterus |35 NA 67 23 0.5 61
Holothuria 20 NA 40 2 0.5 61
(Halodeima) floridana
Haemubn parra 41.2 NA 61 27 0.5 61
Coryphaena hippurus |210 299684 85 84 0.1 61
Caranx hippos 124 NA 78 349 0.75 60
Haemulon album 65 1326650 66 40 0.5 60
Holothuria 25 NA 40 20 0.5 60
(Halodeima) mexicang
Balistes vetula 60 NA 78 273 0.5 59
Scomberomorus 101 459674 26 25 NA 59
maculatus
Acanthurus chirurgus |39 NA 90 23 0.5 59
Haemulon melanurum|33 NA 45 a7 0.5 59
Cephalopholis fulva |41 136967 65 149 0.75 58
Selar 73 NA 71 169 0.25 58

crumenophthalmus
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Fecundity | Latitudinal . Vulnerabilities
S Lmax Depth Habitat _
Scientific name (cm) (eggs per range range (m) | spedficit (100 = most
year) (degree) 9 P y vulnerable)
Scomberomorus regal| 183 597863 41 19 0.75 57
Holocentrus 50 NA 55 179 1 57
adscensionis
Kajikia albida 300 NA 90 149 NA 56
Sparisoma 42 NA 40 14 0.75 56
chrysopterum
Scarus iseri 11.7 NA 59 22 0.5 55
Haemulon 23 NA 66 25 0.5 55
chrysargyreum
Scomberomorus caval 184 919510 70 135 0.75 55
Astichops multifidus {25 NA 40 50 0.5 54
Sargocentron 18 NA 80 20 0.5 54
vexillarium
Epinephelus 50 NA 64 119 0.75 54
adscensionis
Thalassoma 25 NA 41 40 0.5 53
bifasciatum
Calamus calamus 48 NA 70 74 0.75 53
Opisthonema oglinum|38 NA 76 16 0.5 52
Makaira nigricans 500 NA 85 NA NA 50
Sphyraena barracuda |200 NA 80 99 0.25 49
Caranx crysos 70 251766 58 99 NA 46
Clepticus parrae 25 NA 27 39 0.75 46
Acanthurus bahianus |38 NA 76 38 0.75 46
Pterois volitans 38 NA 83 53 0.75 46
Hemiramphus 55 NA 56 NA NA 45
brasiliensis
Thunnus obesus 250 4274342 95 249 NA 44
Haemulon plumierii {43 141308 62 37 0.75 43
Holocentrus rufus 29 NA 38 31 0.75 42
Thunnus albacares [265 2462113 97 249 0.25 39
Istiophorus albicans |315 NA 90 199 NA 39
Katsuwonus pelamis 120 400000 120 259 NA 39
Thunnus alalunga 155 2449490 105 NA 0.25 39
Pristipomoides 56 NA 56 346 0.5 38
aquilonaris
Thunnus thynnus 458 NA 94 984 0.25 38
Myripristis jacobus 20 NA 60 99 1 36
Haemulon 25 NA 67 59 0.75 36

70




CRFM Research Paper Collection Vol. 9

Fecundity | Latitudinal . Vulnerabilities
S Lmax Depth Habitat _
Scientific name (cm) (eggs per range range (m) | spedficit (100 = most
year) (degree) 9 P y vulnerable)

flavolineatum

Priacanthus arenatus |50 NA 84 190 0.5 36

Decapterus punctatus|30 NA 69 99 0.75 35

Sparisoma 23 NA 65 18 0.75 35
aurofrenatum

Haemulon sciurus 36 108397 39 29 0.5 34
Cephalopholis 42.6 NA 42 170 0.5 34

cruentata

Acanthurus coeruleus |39 NA 57 38 0.5 31

Haemulon 20 48466 76 29 0.75 31
aurolineatum

Hippocampus erectus|51.4 NA 82 72 0.5 30

Neoniphon marianus |16 NA 17 69 0.5 29
Mulloidichthys 34 NA 65 48 0.5 29

martinicus

Haemulon striatum 28 NA 68 90 0.5 28
Hemiramphus balao |40 NA 55 4495 0.5 27

Abudefduf saxatilis  [22.9 NA 78 20 0.5 27

Decapterus macarelluj46 NA 80 399 NA 24
Pseudupeneus 25 NA 63 89 0.5 19

maculatus

A.4. Estimated temperature preferencegin °C) (mean), variability (standard deviation) for selected fishes,
invertebrates. The temperature preference profildPH) of each specieserlaysestimated species distributions
with annual seawater temperature and calculates theareeted distribution of relative abundance across
temperature for each year from 1971 to 2000, subsequently averaging annual tempefiexemee profiles (TPP).
The estimated TPP was usedhe DBEMto predict the thermal physiological performance of a species (aerobic
scope) in each area.

Scientific name Mean (°C) SD (°C)

Abudefduf saxatilis 13.1 9.1
Acanthocybium solandri 24.5 1.4
Acanthurus bahianus 25.6 1.4
Acanthurus chirurgus 14.1 9.5
Acanthurus coeruleus 14.2 9.5
Actinopyga agassizii 23.2 5.5
Apsilus dentatus 20.8 6.5
Astichopus multifidus 13.2 9.2
Balistes vetula 19.5 7.7
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Scientific name Mean (°C) SD (°C)
Calamus caamus 25.1 1.8
Carangoides bartholomaei 16.1 7.6
Caranx crysos 21.8 2.7
Caranx hippos 22.1 2.5
Caranx latus 24.5 2
Caranx lugubris 24.4 2
Caranx ruber 25.2 1.7
Cephalopholis cruentata 21.2 6.9
Cephalopholis fulva 25.5 1.5
Clepticus parrae 25.1 1.7
Coryphaena hippurus 24.2 1.4
Decapterus macarellus 24.4 2.1
Decapterus punctatus 18 4.3
Elagatis bipinnulata 24.8 2.7
Epinephelus adscensionis 24.4 2.4
Epinephelus guttatus 25.3 1.8
Epinephelus striatus 25.2 1.6
Etelis oculatus 16.5 6.2
Haemulon $hum 24.6 1.4
Haemulon aurolineatum 22.1 3.2
Haemulon bonariense 22.5 5.6
Haemulon carbonarium 21.9 6.6
Haemulon chrysargyreum 22.2 5.8
Haemulon flavolineatum 25.7 1.1
Haemulon macrostomum 22.1 55
Haemulon melanurum 20.1 6
Haemulon parra 21.9 6.4
Haemulon plumierii 24.4 2.8
Haemulon sciurus 25.5 1.4
Haemulon striatum 20.4 5
Halichoeres radiatus 12.2 9.3
Hemiramphus balao 11.8 6.7
Hemiramphus brasiliensis 23.5 2.5
Hippocampus erectus 18.8 4.4
Hirundichthys affinis 24.5 1.9
Holocentrus adsagsionis 24.6 2.3
Holocentrus rufus 25.2 1.6
Holothuria (Halodeima) floridana 23.5 4.4
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Scientific name Mean (°C) SD (°C)
Holothuria (Halodeima) mexicana 24.3 4.5
Hyporthodus flavolimbatus 18.6 5.3
Isostichopus badionotus 13.1 9.1
Istiophorus albicans 24.1 1.1
Kajikia albida 24.5 1.5
Katsuwonus pelamis 24.8 1.5
Lachnolaimus maximus 25 1.8
Lobatus gigas 22.1 3
Lutjanus analis 24.8 2.1
Lutjanus apodus 25.7 1.2
Lutjanus buccanella 17.8 7.3
Lutjanus cyanopterus 24.8 1.8
Lutjanus griseus 23.7 2.3
Lutjanus jocu 25.4 1.6
Lutjanus mahogoni 21.8 6.7
Lutjanus purpureus 22.1 3.9
Lutjanus synagris 24 2.4
Lutjanus vivanus 20.5 4.8
Makaira nigricans 24.9 1.5
Megaptera novaeangliae 25.2 1.6
Mulloidichthys martinicus 24.5 1.6
Mycteroperca interstitias 23.9 2.1
Mycteroperca tigris 25.6 1.6
Mycteroperca venenosa 24.7 2.1
Myripristis jacobus 25 2
Neoniphon marianus 25.1 1.5
Ocyurus chrysurus 25.3 1.6
Opisthonema oglinum 21.7 2.8
Panulirus argus 13.3 9.2
Priacanthus arenatus 19.3 5.1
Pristipomodes aquilonaris 18.5 4.9
Pseudupeneus maculatus 24.6 2.4
Pterois volitans 24.5 2.1
Rhomboplites aurorubens 18.3 4.2
Sargocentron coruscum 21.6 6.3
Sargocentron vexillarium 20.6 7.5
Scarus coelestinus 10.9 9.1
Scarus coeruleus 10.9 9
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Scientific name Mean (°C) SD (°C)
Scarus iseri 13.1 9.8
Scarus taeniopterus 12.9 9.6
Scarus vetula 13.2 9.7
Scomberomorus cavalla 24.3 2.2
Scomberomorus maculatus 22.6 2.3
Scomberomorus regalis 25.3 1.3
Selar crumenophthalmus 23.8 2.9
Sparisoma aurofrenatum 25.6 1.1
Sparisoma chrysopterum 25.7 0.9
Sparisoma rubripinne 25.5 1.5
Sparisoma viride 25.6 1
Sphyraena barracuda 25 2
Sphyraena picudilla 24.1 2
Tetrapturus georgii 24.5 1.4
Tetrapturus pfluegeri 24.5 1.5
Thalassoma bifasciatum 13.3 9.4
Thunnus alalaga 24.2 1.2
Thunnus albacares 24.5 1.4
Thunnus atlanticus 24.5 1.3
Thunnus obesus 24.6 1.3
Thunnus thynnus 24.2 1.2
Trachinotus falcatus 20.2 5.6
Tursiops truncatus 24.7 2.2
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A.5. Calculated climate risk index of the 106 species of exploited fishand invertebrates in the
Caribbean region under RCP2.6 and RCP8.5 by 205 this risk assessment framework, climate risk
consists of three components: exposure to climate hazards, sensitivity to climate hazards, and species
capacity to adapt to climatshangesDetails of how the climate risk index was evaluated is provided in
Appendix A.2

Scientific name RCP2.6 RCP8.5
Istiophorus albicans 98 100
Scomberomorus maculatus 98 100
Epinephelus striatus 98 100
Mycteroperca tigris 98 100
Mycteroperca veenosa 98 100
Hemiramphus brasiliensis 97 100
Sphyraena barracuda 97 100
Cephalopholis fulva 97 100
Caranx ruber 97 100
Haemulon album 97 100
Lutjanus analis 97 100
Haemulon sciurus 97 100
Lutjanus apodus 97 100
Haemulon plumierii 97 100
Thunnus &lunga 96 100
Scomberomorus regalis 96 100
Coryphaena hippurus 96 100
Ocyurus chrysurus 96 100
Epinephelus guttatus 96 100
Lutjanus cyanopterus 96 100
Lutjanus jocu 96 100
Lutjanus griseus 96 100
Caranx lugubris 96 100
Haemulon flavolineatum 96 100
Acanthurus bahianus 96 100
Pterois volitans 96 100
Thunnus thynnus 95 100
Thunnus albacares 95 100
Katsuwonus pelamis 95 100
Thunnus obesus 95 100
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Scientific name RCP2.6 RCP8.5
Makaira nigricans 95 100
Scomberomorus cavalla 95 100
Tetrapturus pfluegeri 95 100
Acanthocybiunsolandri 95 100
Elagatis bipinnulata 95 100
Thunnus atlanticus 95 100
Epinephelus adscensionis 95 100
Caranx latus 95 100
Clepticus parrae 95 100
Calamus calamus 95 100
Lachnolaimus maximus 95 100
Sparisoma chrysopterum 95 100
Sparisoma rubripina 95 100
Sparisoma viride 95 100
Sparisoma aurofrenatum 95 100
Decapterus macarellus 95 100
Kajikia albida 95 100
Holocentrus rufus 95 100
Mycteroperca interstitialis 95 100
Caranx crysos 94 100
Caranx hippos 94 100
Lutjanus synagris 94 100
Hirundichthys affinis 94 100
Pseudupeneus maculatus 94 100
Haemulon aurolineatum 94 100
Tetrapturus georgii 94 100
Holocentrus adscensionis 94 100
Neoniphon marianus 94 100
Opisthonema oglinum 93 100
Selar crumenophthalmus 93 100
Myripristis jacobus 93 100
Sphyraena picudilla 92 100
Mulloidichthys martinicus 92 100
Lobatus gigas 78 85
Holothuria (Halodeima) floridana 77 81
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Scientific name RCP2.6 RCP8.5
Apsilus dentatus 76 82
Trachinotus falcatus 71 79
Lutjanus mahogoni 71 77
Holothuria (Halodeima) mexicana 71 76
Sargocentrorvexillarium 71 78
Haemulon macrostomum 70 76
Haemulon parra 70 77
Sargocentron coruscum 70 80
Haemulon chrysargyreum 69 75
Balistes vetula 69 76
Cephalopholis cruentata 69 75
Etelis oculatus 69 75
Carangoides bartholomaei 69 76
Haemulon carbonadm 68 73
Actinopyga agassizii 68 69
Panulirus argus 67 73
Scarus coelestinus 67 73
Scarus coeruleus 67 73
Hippocampus erectus 67 71
Halichoeres radiatus 67 73
Scarus vetula 67 73
Acanthurus chirurgus 67 73
Scarus taeniopterus 67 73
Abudefduf saxdis 67 73
Thalassoma bifasciatum 67 73
Scarus iseri 67 73
Acanthurus coeruleus 67 73
Astichopus multifidus 67 73
Isostichopus badionotus 67 73
Lutjanus buccanella 65 75
Haemulon striatum 61 68
Hemiramphus balao 61 65
Pristipomoides aquilonaris 60 65
Priacanthus arenatus 60 67
Haemulon melanurum 60 67
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Scientific name RCP2.6 RCP8.5
Lutjanus purpureus 59 64
Decapterus punctatus 58 65
Lutjanus vivanus 58 63
Haemulon bonariense 55 59
Rhomboplites aurorubens 54 62
Hyporthodus flavolimbatus 53 58
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A.6. Projected habitat sutability index (HSI) of the 110 selected species in the Caribbean Sea region
based on current ocean condition§1970 to 2000 period)High resolution of all the maps are available
through the datportal created for this project.
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