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Abstract 

 

As part of the Caribbean Track of the Pilot Programme for Climate Resilience a series of ecological, 

economic and social assessments of climate change impacts on marine resources and the fisheries sector 

were undertaken between March 2018 and January 2019. This synthesis provides key conclusions arising 

from the assessment of (1) climate risks and ecological impacts for Caribbean marine fish stocks, (2) the 

economic consequences of ecosystem shifts and of increased tropical cyclone activity and (3) fisheries 

viability and resilience through the lens of value chains. Overall, multiple lines of evidence suggest large 

risk and impacts of climate variation on the Caribbean Seaôs fish stocks and fisheries. Economic 

assessment results suggest a large pre-existing ñadaptation deficitò, as the estimated economic impacts of 

climate change appear small relative to documented losses and damages under current climate 

conditions.. Research at two local fishing sites reveals opportunities to improve climate resilience across 

the seafood value chain by empowering resource users to self-organize and build local adaptive capacity, 

promoting seafood product differentiation and identifying enablers for governance effectiveness. Several 

improvements and extensions to the ecological and economic modelling undertaken under this project are 

possible and recommended; however, sufficient information from 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 undertaken as part of the 

project. 

 

 

1 INTRODUCTION  

 

The impacts of climate change for fisheries production and the state of marine ecosystems are a mounting 

concern (Brander, 2010; Cheung et al., 2010; Barang et al., 2018). Small changes in environmental 

conditions, such as temperature, salinity, wind and ocean currents, can alter the abundance, distribution 

and availability of fish populations (McIlgorm et al., 2010). The increasing frequency and/or intensity of 

extreme climatic events can affect fish habitat, productivity or distribution, as well as have direct impacts 

on fishing operations and the physical infrastructure of coastal communities (FAO, 2013). Many 

fisheries-dependent communities already live a precarious and vulnerable existence because of poverty, 

lack of social services and essential infrastructure (FAO, 2016). 

 

Negative impacts on marine resources and fisheries from climate change are already evident in the 

Caribbean (Oxenford & Monnereau, 2018) and combine with existing threats from coastal development, 

pollution and overfishing to affect ecosystems, communities and economies. Visible and documented 

climate change impacts include coral bleaching, increasing frequency of major storms and hurricanes, 

rising sea levels and beaching of masses of Sargassum. In the Caribbean region, marine biodiversity and 

ecosystems are critical to human well-being 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. Fisheries employ nearly 200,000 people in the Caribbean Community, earning US 
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$5 billion to $6 billion per year in foreign exchange and providing about 10 per cent of the regionôs 

protein intake (Nurse, 2011). Fisheries overexploitation, including illegal unreported and unregulated 

(IUU) 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 (FAO, 2016). Reef fisheries (e.g., snapper, grouper, lobster, conch), which 

support the majority of livelihoods in Caribbean fisheries have been particularly badly affected due to 

both their accessibility from shore and the compounding effects of reef, mangrove, and seagrass habitat 

loss (Oxenford & Monnereau, 2018). In addition, IUU fishing is estimated at between 20 and 30 percent 

of total reported production levels (FAO, 2016). Climate change adds to the challenge of sustainably 

managing fisheries and aquaculture in the Caribbean. 

 

Because of the sectorôs economic, social and ecological importance in the Caribbean there is an urgent 

need to improve understanding of climate risks and potential impacts, as well as the sectorôs vulnerability 

and options to enhance climate resilience. The Inter-American Development Bank has invested in 

supporting the regionôs climate resilience, through grant funding for the Caribbean Regional Track of the 

Pilot Programme for Climate Resilience (PPCR). The ñFishery-Related Ecological and Socio-Economic 

Assessments of the Impacts of Climate Change and Variability and Development of an Associated 

Monitoring Systemò project (ñthe projectò) delivers on the PPCR regional track. Executed by the Mona 

Office for Research and Innovation (MORI) at the University of West Indies at Mona, Jamaica, and with 

the Caribbean Regional Fisheries Mechanism (CRFM) as the co-implementer, the project aims to improve 

availability and use of information for ñclimate-smartò planning and management in the fisheries and 

aquaculture sector in the Caribbean. Research activities and stakeholder engagement are centered on the 

following six climate-sensitive countries (referred to a ñcase study countriesò): The Commonwealth of 

Dominica, Grenada, Haiti, Jamaica, Saint Lucia, and Saint Vincent and the Grenadines (SVG). The 

project began in January 2018 and is scheduled to conclude in January 2020. 

 

This Research Paper Collection is a main output of the projectôs Work Package 1, focused on assessment 

of climate change impacts on the fisheries resources and sector in the six case study countries. It contains 

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

analytical approaches to increase the regionôs understanding of current and future risks and opportunities 

of climate change. Regional and national-level analyses and results predominate, with primary research at 

two local fishing sites (Montego Bay, Jamaica; Kingstown, Saint Vincent and the Grenadines) providing 

important insights from people on the front lines of climate change. This synthesis draws insights across 

scientific disciplines, as a springboard for project activities related to communications and monitoring and 

management recommendations. The rest of the synthesis is structured around high-level conclusions, 

supported by examples and insights from individual research papers in 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 socio-economic impacts in the region under broad future climate has increased (A, 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 (Oxenford & Monnereau, 2018). Research Papers 

(A) and (B) in this Collection use state-of-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 well as lower primary 

production throughout the 21
st
 century. Specifically, the research team assessed climate change impacts 

on 110 of the regionôs key marine species and associated fisheries by: (1) projecting future ocean 
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conditions throughout the region; (2) assessing the impacts of environmental changes to key marine 

species; (3) determining selected species future vulnerability as a result of projected environmental 

changes, as well as the speciesô sensitivity and adaptive capacity to these changes; and (4) estimating 

climate change impacts on the regionôs future fisheries production. Despite the limitations of modelling 

approaches, these results currently represent the best estimate of ecological impacts to fisheries species in 

the region under broad future climate 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 cyclones. The economic 

impacts of climate-induced changes in fishery production (landings) are assessed using a market supply-

demand model developed specifically for each of the six PPCR countries. This market supply-demand 

model is an application of an analytical framework used for economic impact 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 through 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 metric to account for the impact of climate change. 

Both economic analyses generate estimates of direct as well as economy-wide impacts, using creative 

approaches to confront data constraints. 

 

Virtually no species, including commercially-important 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 (warming, deoxygenation, acidification and 

decline in net primary production) are expected to be high to very high across all species in the region 

under both ñstrong mitigationò (RCP2.6) and ñbusiness-as-usualò (RCP8.5) carbon emission scenarios. In 

response to changing ocean conditions, marine species are projected to shift their distributions by tens to 

hundreds of kilometers resulting in local species gains and extinctions that significantly reduce species 

richness and change community composition. Most exploited marine species in the region will be at very 

high conservation risk because of climate change, with much of their current habitat becoming unsuitable. 

A large part of risk of marine species assemblages to climate change in the Caribbean Sea is attributable 

to the high biological sensitivity of tropical and sub-tropical species, with little tolerance to temperature 

increases and a strong dependence on particular habitats to successfully complete their life histories. 

Table 1 below includes values for indicators 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 

Indicator Jamaica Haiti Dominica St. Lucia 
St. Vincent and the 

Grenadines 
Grenada 

1 
Median Climate 
Vulnerability Index for 
Fished Species / 100 

57.5 
(across 78 species) 

56.5 
(across 82 species) 

56.4 
(across 42 species) 

57 
(across 72 species) 

55.5 
(across 60 species) 

55.0 
(across 66 species) 

2 
Median Risk Index for 
Fished Species / 100 

 

RCP SF SQ OF 
2.6 72 84 87 
8.5 73 87 87 

 

 

RCP SF SQ OF 
2.6 61 77 84 
8.5 63 78 86 

 

 

RCP SF SQ OF 
2.6 61 78 83 
8.5 71 83 97 

 

 

RCP SF SQ OF 
2.6 56 70 81 
8.5 63 78 87 

 

 

RCP SF SQ OF 
2.6 50 67 79 
8.5 58 75 85 

 

 

RCP SF SQ OF 
2.6 50 66 78 
8.5 59 76 84 

 

3 

æ In The Sum Of 
Speciesô Habitat 
Suitability Index (HSI) 
(relative to current HSI) 

 

RCP 2030-39 2050-59 

8.5  - 18%  - 29% 
 

RCP 2030-39 2050-59 

8.5  - 25%  - 29% 
 

RCP 2030-39 2050-59 

8.5  - 21%  - 49% 
 

RCP 2030-39 2050-59 

8.5  - 26%  - 39% 
 

RCP 2030-39 2050-59 

8.5  - 32%  - 47% 
 

RCP 2030-39 2050-59 

8.5  - 32%  - 47% 

4 
æ In Maximum Catch 
Potential 
(relative to 1970-2000) 

 

RCP 2030-39 2050-59 

2.6  - 5-15%  - 10-30% 

8.5 - 10-30% - 20-60% 
 

RCP 2030-39 2050-59 

2.6  - 5-15%  - 10-30% 

8.5 - 10-30% - 20-60% 
 

RCP 2030-39 2050-59 

2.6  - 5-15%  - 15-30% 

8.5 - 10-30% - 30-60% 
 

RCP 2030-39 2050-59 

2.6  - 5-15%  - 10-30% 

8.5 - 10-30% - 20-60% 
 

RCP 2030-39 2050-59 

2.6  - 5-15%  - 10-30% 

8.5 - 10-30% - 20-60% 
 

RCP 2030-39 2050-59 

2.6  - 5-15%  - 15-30% 

8.5 - 10-30% - 30-60% 

5 

Key Geographic Areas 
of Change within 
National EEZs 

Offshore areas to the 
northwest were projected to 
have both particularly  high 
species gains (>50%) and 
extinctions (40-50%), while 
Pedro Bank may see 
relatively lower impacts in 
terms of shifting species 
composition and local 
extinctions. Catches are 
projected to decline in all 
areas around the island, 
particularly along the north 
coast and Pedro Bank. 

Offshore areas in the Gulf de la 
Gonâveare expected to see the 
greatest species gains (40-
60%) and, to a lesser extent, 
extinctions (30-50%), while the 
north coast of Haiti will also see 
a high proportion of species 
extinctions with few gains. 
Catches are projected to 
decline in all areas around the 
island. 

Offshore areas closer to the 
west side of the island are 
expected to see modest 
species losses (10-20%), 
while offshore areas to the 
southwest are expected to 
see the greatest species 
gains (30-40%). Maximum 
catch potential will remain 
concentrated in eastern 
offshore waters, but overall 
catches are projected to 
decline to some degree in all 
areas around the island. 

Offshore areas to the south 
and west are projected to 
have large species losses (up 
to 50-60%), while limited 
species gains (30-40%) will 
be concentrated in limited 
offshore areas east of the 
island. Catches are projected 
to decline in all areas around 
the island, but especially to 
the southwest. 

Offshore areas to the east are 
expected to see modest 
species gains (20-30%) while 
species losses (up to 50-
60%) will be seen in all 
offshore areas surrounding 
the islands, but will be less 
pronounced throughout the 
Grenadine Bank. Catches are 
projected to decline in all 
areas around the islands. 

Offshore areas to the 
east and south are 
expected to see modest 
species gains (20-40%) 
while species losses (up 
to 50-60%) will be seen 
in all offshore areas 
surrounding the islands, 
but will be less 
pronounced throughout 
the Grenadine Bank and 
in southernmost areas of 
the EEZ. Catches are 
projected to decline in all 
areas around the islands. 

RCP=Representative Concentration Pathway. RCP2.6 and RCP8.5 represent the ñlow-rangeò/ ñstrong mitigationò and ñhigh-rangeò/òlow 

mitigationò scenarios for carbon emissions, respectively. Observed global emissions and resulting concentration pathways follow the RCP8.5 

scenario making it the ñbusiness as usualò scenario. SF = Sustainable Fishing; SQ = Status Quo Fishing; OF = Overfishing. EEZ=Economic 

Exclusion Zone. 
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Indicators (1) and (2) are indices of vulnerability to climate change and risk of impacts from climate 

change and fisheries for exploited marine fishes that scale from 1 to 100, with 100 being the most 

vulnerable or at risk. In this context, vulnerability is the intrinsic sensitivity and biological adaptive 

capacity of the species to stressors. Median values for the index of climate vulnerability ranges from 55 

(Grenada) to 57.5 (Jamaica). 

 

Risk combines the speciesô vulnerability with the estimated degree of exposure to hazards from both 

climate (temperature, oxygen concentrations and acidification) and non-climate stressors (hazards from 

fishing to fishesô population viability). Factoring in exposure to climate and non-climate hazards shows 

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

climate vulnerability, especially for scenarios combining business as usual emissions (RCP 8.5) and 

unsustainable fishing levels (OF). Previous work (Cheung et al., 2018) using applications of the climate 

risk index demonstrated a significant link between it and the risk of extinction, as defined by the IUCN 

Red List of Endangered Species. 

 

Indicator (3) describes the impacts of climate change on the availability of suitable habitats for selected 

marine assemblages, reported as a percentage change relative to current conditions. Indicator (5) reports 

the projected number of species newly occurring or disappearing locally, expressed as a percentage of 

total species. A net decline in habitat suitability for fished species (indicator (3) and (5) in Table) 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 2030s, and ranging from 29% (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 catches will have significant repercussions for those involved in 

harvesting and post-harvesting 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 (5) in Table 1). Even in scenarios 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 (1970-2000). Under business as usual emissions (RCP8.5) 

the projected drop in maximum catch 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 potential show virtually 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 valuable species such as groupers, snappers and parrotfish among the most 

vulnerable.  

 

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

2). The modelled decline in catch potential (or fishery production) is projected 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 increase by 4.8% (Haiti) to 9.5% (Grenada) by 2050s, relative to 

projected prices under the reference case (see indicator (2) in Table 2). 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 indicator (1) in Table 2). In turn, these market 

shifts result in decreased economic well-being. Under business as usual emissions, projected climate-

induced changes in prices and consumption will  result in net annual welfare losses by 2050s that range 

from US$600,000 (Dominica) to US$8,985,000 (Jamaica) (see indicator (3) in Table 2). Welfare is an 

economic metric closely linked to the concepts of well-being and income. In this context, Caribbean 

nations experience a loss in economic well-being due to too little production and consumption of seafood. 
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Table 2: Indicators of economic impact of climate change impact on marine species and associated fisheries in the Caribbean Sea, broken down by country. 

All monetary values are in US$2010, meaning that 2010 is the base year and all estimates are converted from current (nominal) dollar values to constant 

(real) dollar values. 

Indicator Jamaica Haiti Dominica St. Lucia 
St. Vincent and the 

Grenadines 
Grenada 

Due to Climate-Change Induced Impacts on Fishery Production 
1 æ in Fish Consumption  

(relative to projected future demand)) 
RCP 2050s 

2.6 -4.6% 

8.5 -5.7% 
 

RCP 2050s 

2.6 -4.6% 

8.5 -5.8% 
 

RCP 2050s 

2.6 -4.1% 

8.5 -5.2% 
 

RCP 2050s 

2.6 -4.3% 

8.5 -5.5% 
 

RCP 2050s 

2.6 -4.6% 

8.5 -5.6% 
 

RCP 2050s 

2.6 -4.7% 

8.5 -5.8% 
 

2 æ in Fish Prices 
(relative to projected future demand) 

RCP 2050s 

2.6 5.6% 

8.5 6.9% 
 

RCP 2050s 

2.6 3.8% 

8.5 4.8% 
 

RCP 2050s 

2.6 5.6% 

8.5 7.2% 
 

RCP 2050s 

2.6 7.1% 

8.5 9.1% 
 

RCP 2050s 

2.6 6.8% 

8.5 8.2% 
 

RCP 2050s 

2.6 7.7% 

8.5 9.5% 
 

3 Net Welfare Loss  
(thousand US $ per year in 2010 prices) 

RCP 2050s 

2.6 -8000 

8.5 -8900 
 

RCP 2050s 

2.6 -3200 

8.5 -3800 
 

RCP 2050s 

2.6 -500 

8.5 -600 
 

RCP 2050s 

2.6 -1600 

8.5 -2000 
 

RCP 2050s 

2.6 -580 

8.5 -640 
 

RCP 2050s 

2.6 -600 

8.5 -760 
 

Due to More Intense Tropical Cyclones under Climate Change 
4 Direct Losses in Fishery 

Production 
(tonnes per event) 

RCP 2050s 

2.6 -920 to -3060 

8.5 -1600 to -5340 
 

RCP 2050s 

2.6 -400 to -1350 

8.5 -710 to -2350 
 

RCP 2050s 

2.6 -40 to -120 

8.5 -60 to -200 
 

RCP 2050s 

2.6 -28 to -94 

8.5 -50 to -160 
 

RCP 2050s 

2.6 -24 to -81 

8.5 -43 to -142 
 

RCP 2050s 

2.6 -30 to -100 

8.5 -50 to -180 
 

5 Direct Losses in Landed 
Value  
(US$2010 thousand per event) 

RCP 2050s 

2.6 -1660 to -5530 

8..5 -2900 to -9670 
 

RCP 2050s 

2.6 -420 to -1400 

8..5 -730 to -2450 
 

RCP 2050s 

2.6 -50 to -170 

8..5 -90 to -300 
 

RCP 2050s 

2.6 -40 to -150 

8..5 -77 to -255 
 

RCP 2050s 

2.6 -58 to -195 

8..5 -102 to -340 
 

RCP 2050s 

2.6 -40 to -150 

8..5 -80 to -260 
 

6 Total Losses in Economic 
Output (US$2010 thousand per event) RCP 2050s 

2.6 -2017 to -6720 

8..5 -3524 to -11750 

 

RCP 2050s 

2.6 -510 to -1701 

8..5 -887 to -2977 

 

RCP 2050s 

2.6 -61 to -207 

8..5 -109 to -365 

 

RCP 2050s 

2.6 -49 to -183 

8..5 -97 to -317 

 

RCP 2050s 

2.6 -70 to -237 

8..5 -124 to -413 

 

RCP 2050s 

2.6 -55 to -181 

8..5 -95 to -316 

 

7 Total Reductions in 
Household Income 
(US$2010 thousand per event) 

RCP 2050s 

2.6 -473 to -1574 

8..5 -826 to -2752 
 

RCP 2050s 

2.6 -120 to -399 

8..5 -208 to -698 
 

RCP 2050s 

2.6 -14 to -49 

8..5 -26 to -86 
 

RCP 2050s 

2.6 -11 to -43 

8..5 -23 to -74 
 

RCP 2050s 

2.6 -16 to -55 

8..5 -29 to -97 
 

RCP 2050s 

2.6 -13 to -42 

8..5 -22 to -74 
 

Fish as Food 
8 Reduction in Household Fish 

Food Consumption due to 
Climate-Induced æ in Price 
and Consumption 
(per capita per day) 

RCP 2050s 

2.6 -4.6% 

8.5 -5.8% 

 

RCP 2050s 

2.6 -4.4% 

8.5 -5.8% 

 

RCP 2050s 

2.6 -4% 

8.5 -5% 

 

RCP 2050s 

2.6 -4.2% 

8.5 -5.6% 

 

RCP 2050s 

2.6 -4.6% 

8.5 -5.6% 

 

RCP 2050s 

2.6 -4.5% 

8.5 -6% 

 

9 Reduction in Daily Food 
Supply as Fish due to More 
Intense Tropical Cyclones 
(relative to 2009-2013 average, grams of 
edible fraction per capita per day) 

RCP 2050s 

2.6 -0.1% to -0.7% 

8.5 -0.1% to -1.3% 

 

RCP 2050s 

2.6 0% to -0.7% 

8.5 -0.1% to -1.1% 

 

RCP 2050s 

2.6 0% to -0.8% 

8..5 -0.1% to -1.5% 

 

RCP 2050s 

2.6 0% to -0.5% 

8..5 0% to -0.8% 

 

RCP 2050s 

2.6 0% to -0.7% 

8..5 -0.1% to -1.3% 

 

RCP 2050s 

2.6 0% to -0.75% 

8..5 -0.1% to -1.4% 
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Interviews with fish value chain actors in both Jamaica and Saint Vincent and the Grenadines shed light 

on potential social implications of reduced access to commercially-important fish 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 living. According to fishers in Jamaica, 

the fisheries are currently viable 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 affects their fishing 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 sea. Nevertheless, fishers interviewed in both locations are, for the most part, full -time 

occupants in the industry, content with their monthly and annual returns and reluctant to change 

occupation or retrain to work in other professions. This reveals the potential for high vulnerability, in the 

event of stock migration and lower total catches, if 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 chain. For fishers, the operational expense of fuel and safety risks for longer trips is 

seldom reflected in an increase in landed value.  

 

The rate of ecological change projected, especially if global carbon emissions continue largely unabated 

following the ñbusiness-as-usualò scenario; will demand swift transformations across the fish value chain. 

Yet, field research revealed potential capacity gaps related to this. At present, two major types of fish 

chains operate in Saint Vincent and the Grenadines and Jamaica: small-scale artisanal and small-scale 

industrial fisheries. These 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 and up-scaling 

opportunities. 

 

Economic loss and damage to the fisheries sector from severe storms in the region is sizable at 

present. Climate change will exacerbate the regionôs existing adaptation deficit (C). 

The average annual economic cost of tropical cyclones across the Caribbean between 1950 and 2014 has 

been estimated at equivalent to 2% of gross domestic product (GDP) (Acevedo, 2016). These losses do 

not include important non-market impacts, such as damages to marine environments and resources like 

coral reefs and ecosystem services. Analysis focused on loss and damage to the fisheries sector is 

uncommon but countriesô documentation of the economic consequences from tropical cyclones via 

damage and loss assessments shed light on the severity of the impact. For example, in 2017 Hurricane 

Maria the total estimated value of fishing boats, engines and gear damaged, destroyed or lost in Dominica 

amounted to XCD $11,271,520 (about US$ 4 million). Hurricane Sandy caused extensive damage to the 

fisheries and aquaculture sectors in Jamaica, totaling more than J $90 million (about US$70,000). 

 

This study simulated the economic consequences of climate change-induced increases in the intensity of 

historical tropical cyclones occurring between 1950 and 2013 (indicators (4) to (7) in Table 2). Under 

business as usual emissions (RCP8.5) regional losses to fishery production by 2050s amount to 5.2 kilo 

tonnes (central estimate). The corresponding losses in landed value for the six case study countries by the 

2050s is $8.3 million (2010 US dollars). At a national level projected losses in landed value due to more 

intense cyclone activity from climate change by the 2050s range from just under 0.4% of historic totals 

(for Saint Lucia and Saint Vincent and the Grenadines) to just over 0.5% of historic totals (for Jamaica). 

National losses in landed value appear in Table 2 (indicator 5). 

 

Further, under business as usual emissions (RCP8.5) climate change is projected to reduce economic 

output of the six countries by $10.1 million (2010 US dollars) by 2050s (central estimate). The 

corresponding reduction in regional household incomes by the 2050s is $2.4 million. 
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Under climate change, smaller catches and supply disruptions will alter patterns of household fish 

consumption (C). 

Seafood is an important source of animal protein globally. Its consumption in 2013 was estimated at 9kg 

per capita in the Caribbean, with seafood amounting to 10% of animal protein consumed (Vannucinni et 

al. 2018). Projected changes in fish supply and demand induced by ecological shifts under a changing 

climate result in reduced fish consumption on a per-capita basis (indicator 8 in Table 2) in the six PPCR 

countries. Under business as usual emissions (RCP8.5) individualsô daily fish consumption could 

decrease between 5.2% (Dominica) and 5.8% (Grenada and Haiti) by 2050s (indicator (8) in Table 2).  

 

Supply disruptions from more intense tropical cyclones under climate change will also limit the amount 

of seafood available to eat. Under business as usual emissions (RCP8.5) the incremental impact on fish 

supply across the six case study countries equates to, on average, a reduction of about 0.2% to 1% in daily 

food supply as fish (indicator 9 in Table 2). Hurricanes are bigger threats to food security than tropical 

storms. 

 

Although uncertainties in estimating climate change impacts remain 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 full breath 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; indirect effects 

of climate-related shifts in trophic interactions; tipping points in ecosystem function (e.g., rapid changes 

in ocean circulation) and the cumulative effects of other stressors (e.g., coastal development, pollution, 

sedimentation, and others). In economic 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 adaptation are among the 

suggested extensions to the work initiated under this project. Further, assessing the potential for planned 

climate change adaptation in either mitigating or exacerbating projected climate change impacts is a 

logical extension to the ecological and economic 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 global carbon 

emissions, more sustainable fisheries management, greater resilience of supporting habitats and improved 

coastal zone management are all expected to contribute to reduce climate impacts of future climate 

change on fisheries resources. Ideally, all of these 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 cross-sectoral planning to improve self-organization and resilience of 

local value-chain 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 for protected areas; (b) achieving product differentiation and supporting 

processing infrastructure, as in Kingstown (Saint Vincent and the Grenadines); (c) fostering collaborative 

ties among fishers and processors through cooperatives for marine stewardship, value addition and market 

access (d) developing and enforcing zoning by-laws for vulnerable coastal regions (e.g., at the Parish 

level in Jamaica); (e) protecting and insuring coastal infrastructure, (f) improving hazard early warning 

systems through mobile applications and providing training on safety for small-scale fishers and (g) 

promoting cross-sectoral working groups at multiple levels as in Jamaica, which seek to mainstream 

adaptation in fisheries management and related sectors. National and local-level measures to reduce 

climate-related and disaster risks to the sector and to increase the resilience of fisherfolk are already 

underway (Oxenford & Monnereau, 2018), with many more identified in national adaptation plans and 

strategies (Government of Saint Lucia, 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 projected in this study and informing smaller-scale 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 to climate change effects on fish and 

fisheries in the future. 
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Abstract 

 

In the Caribbean region, marine biodiversity and ecosystems are critical to human well-being 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 

threats including climate change, coastal development, pollution, and 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 quantitative indices are used in this study to assess climate 

risk, vulnerability and impacts of Caribbean Sea marine fish stocks and fisheries under contrasting CO2 

emission scenarios. Increasing CO2 emissions are projected to result in changes in ocean conditions that 

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 21
st
 century relative to the 20

th
 century. As a result, exposure to climate hazards of all assessed species 

is estimated to be high to very high under both óstrong mitigationô (RCP2.6) and óbusiness-as-usualô 

(RCP8.5) CO2 emission scenarios by mid-century. 

 

The vulnerability of selected species assemblages 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 of climate impacts 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 CO2 emission scenario. Marine species are projected to shift their distribution by tens to 

hundreds of kilometers under marine environmental conditions associated with increasing atmospheric 

CO2 concentration over the next few decades. As a result, the Caribbean region was projected 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 projected to be higher in the southern part of the Caribbean Sea. The 

projected changes in species composition, lower catches, and the high risk to associated species, 

particularly those that are commercially valuable, are expected to have important impacts on dependent 
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fishing communities. Overall, multiple lines of evidence suggest large risk and impacts of climate change 

on the Caribbean Seaôs fish stocks and fisheries. The short time frame over which these impacts are 

projected to occur poses substantial challenges 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 Fishery-Related Ecological 

and Socio-economic Impact Assessments and Monitoring System. Specifically, this report addresses the 

following components of the overarching objectives of Work Package 1: 

 

¶ Assess the ecological impacts of climate change and variability on the Caribbean regionôs fisheries 
resources; 

¶ Develop tools and methods for fisheries 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 regional-scale assessment of these impacts. Paper B in this Collection (national 

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 and Marine Resources 

In the Caribbean region, fisheries activities, largely small-scale and artisanal in nature, provide a number 

of goods and services that are critical to human well-being, and also represent an important source of 

foreign exchange. Fisheries employ over 200,000 people in the Caribbean Community, earning USD $5 

billion to $6 billion per year in foreign exchange and providing about 10 percent of the regionôs protein 

intake (Nurse 2011). Key target species include pelagics (coastal and oceanic), shelf and slope demersals, 

reef fish, and high-value benthic invertebrates, such as spiny lobster (Panulirus argus) and queen conch 

(Lobatus gigas). Caribbean coral reefs specifically, have been estimated to generate between USD$3.1 

and 4.6 billion annually from fisheries, tourism and shoreline protection (Burke and Maidens 2004; 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 services are flowing from, 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 (IUU) activities-, disease, and ineffective 

management include some of the threats that have contributed to changing the ecological balance of 

Caribbean coastal environments (Burke et al. 2004, Gill et al. 2017, CRFM et al. 2017). Recent studies 

estimate that the region has lost more than 50% of its coral reef cover since the 1970s (Mumby et al., 

2014; Jackson et al., 2014). Rates of loss for mangroves and seagrass beds are comparable (Waycott et 

al., 2009). 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 stocks are 

fully exploited (FAO 2016). Reef fisheries (e.g., snapper, grouper, lobster, conch), which support the 

majority of livelihoods in Caribbean fisheries, have been particularly badly affected (Hawkins and 

Roberts, 2004; Mumby et al.; 2012; Linardich et al., 2017). Decline in the health of key coastal habitats 

will lead to further losses in fishery productivity (Cinner et al., 2012), in turn negatively affecting 

artisanal reef fisheries and dependent communities (Munday et al., 2008; Cinner et al., 2013; Sale et al., 

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

change hazards.  
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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 terrestrial-based activities (Brander, 2010; Cheung et al., 2010; 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 conditions, is affecting and will continue 

to affect fishes and invertebrates (Perry et al., 2005; Pörtner et al., 2007; McIlgorm et al., 201 Cheung et 

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

include, but are not limited to, changes in animal size and timing of spawning season; migration patterns 

(Rijnsdorp et al., 2009); larval swimming, distribution and settlement (Munday et al., 2008); declines in 

growth; abundance; and a poleward redistribution of many species important to fisheries (Cheung et al., 

2010). 

 

In addition to direct effects on important fish and invertebrate fishery species themselves, climate change, 

through ocean warming, sea-level rise, increased hurricane intensity (Uhrin, 2016), and more 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 associated with El-Niño 

conditions are also a concern and projected to continue (McConney, 2015), 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 the Caribbean is a data-poor region (e.g., Allison et al., 2009; Poloczanska et al., 

2013; Barange et al., 2014). A recent regional study suggests that the Caribbean will warm by more than 

2ęC of air temperature by the end of the century (Nurse and Charlery, 2014), while four other studies 

(Pérez-Ramírez, 2017; Oxenford and Monnereau, 2017; Oxenford and Monnereau, 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., Nurse et 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 reef-associated species are likely to be the most 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 projected 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 sector to sea 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 (Simpson et al., 2010). However, interventions that improve 

upon the management 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 communities (Knowlton and Jackson, 2008) and 

support livelihoods and well-being in the face of impending changes.  

 

This study sought to undertake a comprehensive assessment of climate change impacts on 110 of the 

regionôs key marine species and associated fisheries. Specifically, by integrating multiple modelling 

approaches ï and making use of a previously unavailable high resolution global coupled climate model ï, 

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

changes to key marine species; (3) determine selected species future vulnerability as a result of projected 

environmental changes, as well as the speciesô sensitivity and adaptive capacity to these changes; and (4) 

estimate climate change impacts on the regionôs future fisheries production. We conclude by discussing 

the implications of these impacts for conservation and fisheries in the region. 
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2 METHODS 

 

Assessments of climate risks and impacts for Caribbean marine fish stocks (including invertebrates) and 

fisheries broadly included three components: (1) data collection, (2) modelling, and (3) calculation of key 

indicators (Figure 1).  
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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 assembled: (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 species identified in (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 Ocean-Atmospheric Coupled Model Intercomparison 

Project (CMIP5): the Geophysical Fluid Dynamic Laboratory Earth System Model 2G (GFDL ESM 2G), 

the Institut Pierre-Simon Laplace Climate Model (IPSL-CM5A-MR), and the Max Planck Institute Earth 

System Model (MPI-ESM-MR) (see Laufkötter et al., 2015; Kwiatkowski et al., 2017 and references 

therein for an understanding of the differences across the models). We used one single realization of each 

model (i.e., used outputs from one set of input parameters for each Earth system model). The 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 over the period 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 (van Vuuren et al., 2011). RCP2.6 represents what might be described as the best case for limiting 

anthropogenic climate change, with climate policies emphasising óstrong mitigationô and as a result global 

CO2 emissions peaking by 2020 and declining to around zero by 2080. RCP8.5 on the other hand represents 
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a scenario in which emissions continue to increase, rapidly reaching CO2 concentrations of 950 ppm by 

2100 and continuing to increase for another 100 years. The models were selected based on the availability of 

variables from the CMIP5 database (Cheung et al., 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 (Laufkötter et 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 future projections of 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, ml.L
-1
), hydrogen ion concentration (mol L

-1
, 

a proxy for acidity levels - surface and bottom), net primary production (depth integrated, mg.m
-3
), 

salinity (surface and bottom) and surface advection (a proxy for surface currents, which are important for 

species movement and larval dispersal, m.sec
-1
). All model data were re-gridded onto a 0.5° latitude x 

0.5° longitude grid using a bi-linear interpolation method. 

 

A high-resolution global coupled climate earth system model from the Geophysical Fluid Dynamic 

Laboratory (0.1° latitude x 0.1° longitude) (GFDL CM2.6; Saba et 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 pre-industrial conditions (global atmospheric CO2 

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 CO2 for 80 years (CO2 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 

ocean temperature, as well as bottom and surface (0-100 m) salinity. Since the high-resolution global 

coupled climate model from the Geophysical Fluid Dynamic Laboratory does not model biogeochemical 

components such as nutrients or net primary production, we computed and used the climatology of net 

primary production in the region for the period 2008-2018 using the remotely observed MODIS aqua 

satellite database (http://orca.science.oregonstate.edu/2160.by.4320.monthly.hdf.chl.modis.php). 

Bathymetry was also added to the environmental database by using the high resolution General 

Bathymetric Chart of the Oceans product (GEBCO, https://www.gebco.net/). 

 

2.1.2 Fisheries data and species selection 

Initial species lists were compiled for key commercial fisheries species, for each of the 6 climate-vulnerable 

nations that are part of the project (the Commonwealth of Dominica, Grenada, Haiti, Jamaica, Saint Lucia, 

and Saint Vincent and the Grenadines), as measured by total óreconstructedô catch (see section 2.1.4 below) 

and made available through the Sea Around Us project (http://www.seaaroundus.org/). As food security and 

livelihood opportunities are often met by fisheries that are non-commercial in scope, we also sought to 

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

 

These initial lists, including the 50 top species, or species groups, with the highest catches in the 2000s 

period based on the Sea Around Us catch database, were provided to key stakeholders for feedback at a 

regional workshop held in Kingstown, Saint Vincent and the Grenadines, 25-26 April 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 commercially, 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 responses, 29 species/genera/families were identified 

(with some overlap - e.g., Caranx and Carangidae) as the most important across the region (Table 1). 

http://orca.science.oregonstate.edu/2160.by.4320.monthly.hdf.chl.modis.php
https://www.gebco.net/
http://www.seaaroundus.org/
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These included fish as well as invertebrates associated with pelagic and seagrass-mangrove-coral 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 representatives. S-M-CR = seagrass-mangrove-coral reef  

Scientific name Common name Ecosystem Category 

Acanthocybium solandri Wahoo Pelagic Fishes 

Acanthuridae Surgeons, tangs, unicornfishes S-M-CR Fishes 

Carangidae Jacks, pompanos Pelagic/S-M-CR Fishes 

Caranx Jacks Pelagic Fishes 

Coryphaena hippurus Common dolphinfish Pelagic Fishes 

Decapterus macarellus Mackerel scad Pelagic Fishes 

Decapterus punctatus Round scad Pelagic Fishes 

Dendrobranchiata Shrimps and prawns S-M-CR Invertebrates 

Epinephelus guttatus Red hind S-M-CR Fishes 

Haemulon Grunts S-M-CR Fishes 

Hemiramphus brasiliensis Ballyhoo halfbeak Pelagic Fishes 

Istiophorus albicans Atlantic sailfish Pelagic Fishes 

Katsuwonus pelamis Skipjack tuna Pelagic Fishes 

Labridae Wrasses, tuskfishes S-M-CR Fishes 

Lobatus gigas Queen conch S-M-CR Invertebrates 

Lutjanidae Snappers S-M-CR Fishes 

Makaira nigricans Blue marlin Pelagic Fishes 

Mulloidichthys martinicus Yellow goatfish S-M-CR Fishes 

Ocyurus chrysurus Yellowtail snapper S-M-CR Fishes 

Opisthonema oglinum Atlantic thread herring S-M-CR Fishes 

Panulirus argus Caribbean spiny lobster S-M-CR Invertebrates 

Scomberomorus cavalla King mackerel Pelagic Fishes 

Scombridae Mackerels, tunas, bonitos Pelagic Fishes 

Serranidae Basses, groupers, hinds S-M-CR Fishes 

Sparisoma viride Stoplight parrotfish S-M-CR Fishes 

Thunnus Tunas Pelagic Fishes 

Thunnus 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 was assembled based on respondentsô answers to an online survey. The list consisted of 

110 selected priority species, including 2 species of marine mammals (humpback whale and common 

bottlenose dolphin), 2 species of algae (belonging to the genus Sargassum), 7 species 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 flyingfish (Hirundichthys affinis) while not 

commonly caught in any of the focal 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 

Sargassum were added due to mounting concerns and hardships faced by countries throughout the region 

associated with the mass-stranding events that have occurred with greater frequency and severity in recent 

years (Resiere et al., 2018; Maréchal et al., 2017; van Tussenbroek et al., 2017). Increasing temperatures 



CRFM Research Paper Collection Vol. 9 

16 

and nutrients associated with climate change are some of the drivers put forward as potentially creating an 

environment favourable for the growth and proliferation of the algae (Johnson et al., 2013; Louime et al., 

2017).  

 

2.1.3 Occurrence and ecological data  

To identify the environmental niche 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 ï www.iobis.org), the Intergovernmental 

Oceanographic Commission of UNESCO (IOC ï ioc-unesco.org), the Global Biodiversity Information 

Facility (GBIF ï www.gbif.org), FishBase (www.fishbase.org), and the International Union for the 

Conservation of Nature (IUCN ï http://www.iucnredlist.org/technical-documents/spatial-data). In the 

final assembled dataset the following were removed: records that were equal to zero; records associated 

with a spatial location as ñnot assignedò; and records that were duplicated among databases (i.e., only one 

of those records was included in the final dataset). The final dataset comprised 1,877,550 records with at 

least 52 records per species covering the period from 1953 to 2012. 

 

Life history information and ecological data for all species were collated from published databases 

including FishBase, SeaLifeBase and the Sea Around Us database. Examples of life history data included 

growth parameters, age at maturity, and fecundity. Assembled 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 the dynamic bioclimate envelope model 

(DBEM) (see sections 2.2.1 and 2.2.3 below). 

 

2.1.4 Fisheries catch time-series  

Catch data used in all analyses consisted of total ñreconstructedò fisheries catches, as available from the 

Sea Around Us database for the region as a whole, and for each of the 6 focal countries. Catch 

reconstructions are part of a global, country-by-country effort to add comprehensive, but conservative 

catch estimates for all unreported fisheries components to the official landings statistics reported by the 

FAO on behalf of countries (Zeller et al., 2016).  

 

Country-level catch reconstructions are as independent from each other as possible (to avoid systematic 

biasing), but follow the general and well-established reconstruction principles by starting in 1950, 

covering all fisheries sectors that exist in a country, and including at least minimal estimates of discards 

for major fisheries (Zeller et al., 2016). Reconstructions provide both the reported catches as well as best 

estimates of unreported catches, all separated by industrial (large-scale, commercial), artisanal (small-

scale, commercial), recreational and subsistence (both small-scale, non-commercial) sectors. 

Reconstructions also estimate the volume of discards from major fisheries in each country (fish caught, 

but discarded at sea) as part of a global discard analysis (Zeller et al., 2018). Individual country 

reconstruction details and data sources are described in detail in dedicated technical reports (Ramdeen et 

al., 2014; Mohammed and Lindop, 2015a; Lingard et al., 2012; Ramdeen et al., 2012; Mohammed and 

Lindop, 2015b; Mohammed and Lindop, 2015c), freely available from the seaaroundus.org website. 

 

For the Caribbean Sea Large Marine Ecosystem as a whole, catches by fishing entities targeting stocks 

throughout the region increased sharply from the 1950s to the 1990s (peaking at just above 92 thousand 

tonnes), before a sharp decline in the late 1990s. This was followed by a brief increase in catches in the early 

2000s (reaching a value of just above 90 thousand tonnes) and a subsequent dramatic decline until the present, 

levelling off just above 40 thousand tonnes. Overall, artisanal fisheries represent the most important sector for 

fishing in the region (56%), followed by the industrial and subsistence sectors (24% and 18% respectively). 

Close to half of all catches were estimated to be unreported. Discards accounted for 10% of total catches. 

Medium-sized demersal fish (30-89cm) followed by medium-sized reef-associated species (30-89cm) 

dominated overall production (30% and 14% respectively). 

http://www.iobis.org/
http://www.iobis.org/
http://www.iobis.org/
http://ioc-unesco.org/
http://ioc-unesco.org/
http://www.gbif.org/
http://www.gbif.org/
http://www.fishbase.org/
http://www.iucnredlist.org/technical-documents/spatial-data
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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) catches by the six selected 

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 the left panel. Data source: Sea Around Us project database (www.seaaroundus.org).  

 

Focusing on fishing activities by the six countries covered in this study throughout the Caribbean Sea, 

total catches by these focal countries show important fluctuations over the last six decades (Figure 2). 

Jamaica, followed by Haiti contributed most to total production (69% and 21% respectively). The four 

remaining countries had similarly low levels of catches. Unreported catches were found to account for as 

low as 0.2% of total catches by Saint Lucia, making up to 52% for catches by Jamaica and 13% for 

catches by Haiti in waters throughout the region (Table 2). Discards represented 1.7% 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 

Saint Vincent & the 

Grenadines 
0.10 0.76 

Dominica 0.00 0.95 

Saint Lucia 0.01 0.22 

 

Reconstruction efforts estimated that artisanal fisheries made up 27% (Jamaica) and 59% (Haiti) of total 

catches by the six countries of interest in waters of the Caribbean Sea, while industrial fisheries contributed 

28% and 22% to total catches by Grenada and Saint Vincent and the Grenadines respectively. Subsistence 

fisheries were highest for catches made by Jamaica (73%), followed by catches by Dominica (62%) and lowest 

for catches by Grenada (16%) in waters of the Caribbean Sea. Large pelagics (>90cm in size and including 

species such as yellowfin tuna, blackfin tuna, Atlantic sailfish and common dolphinfish) dominated catches by 

Dominica and Grenada. Medium pelagics (30-89cm in length and including species such as mackerels and 

bonitos, jacks and pompanos, mackerel scad and bigeye scad) made up most of the catch by Saint Lucia and 

Saint Vincent and the Grenadines. Reef-associated fish were the main target group by Haiti. A large proportion 

http://www.seaaroundus.org/
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of the catch by Jamaicaôs fleet in waters of the Caribbean Sea consisted of unspecified ófinfishesô and ómarine 

fishesô.  

 

2.2 Modelling climate risk and impacts 

 

2.2.1 Fuzzy logic modelling of climate risk of select marine species  

We assessed the climate risk of 106 marine fish and invertebrate species of interest to key stakeholders in 

the Caribbean using a fuzzy logic climate risk index (Jones and Cheung, 2017; Cheung et al. 2018) (see 

Appendix A.2 for detailed description of this method). In this risk assessment 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 subjected to climate hazards (i.e., predicted changes in 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. Adaptive capacity 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 characteristics 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) (Table 3). For details of the algorithm used, we refer 

the reader to Jones and Cheung (2017) and Cheung et al. (2018). Below, we briefly describe the key 

principles behind the method to calculate the index.  

 

 
 

Figure 3. Framework applied in this study to calculate the risk of climate impacts for marine species in the 

Caribbean Sea region (redrawn from Cheung et al. 2018). Framework for assessing the vulnerability and risk of 

impacts from climate change and fishing on marine fishes (see Appendix A.2). T ï sea water temperature, O2 ï sea 

water oxygen concentration, pH ï sea water pH, Linf ï maximum body size, TP ï range of temperature preferences, 

TG ï taxonomic group, Fec ï fecundity, LB ï latitudinal breadth, DR ï depth range, HA ï specific habitat 

association, OHI-fisheries ï the fisheries component of the Ocean Health Index, K ï von Bertalanffy growth 

parameter, M ï natural mortality rate, SB ï spatial aggregation behaviour, LG ï longevity, AM ï age-at-maturity, 

RS ï range size. The fishing risk assessment was only conducted for the national assessment (see research paper B 

in this Collection). 
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Table 3. Variables that were used to define a speciesô exposure to climate hazards, its sensitivity to these hazards 

and its adaptive capacity. 

Risk components Variables Data sources 

Exposure Temperature (surface and bottom), 

oxygen concentration (surface and 

bottom), pH (surface and bottom) and net 

primary production (surface and bottom) 

Earth system models projections (see 

section 2.1.1) 

Sensitivity Temperature preference, 

asymptotic/maximum body length, habitat 

(particularly with association to coral 

reef), taxonomic group 

Estimated from occurrence records and 

environmental data (see section 2.1.3) 

FishBase (www.fishbase.org) and 

Sealifebase (www.sealifebase.org) 

Adaptive capacity Latitudinal range, bathymetry range, 

fecundity and habitat specificity 

FishBase (www.fishbase.org),  Sealifebase 

(www.sealifebase.org) and Sea Around Us 

database (www.seaaroundus.org) 

 

The index of exposure to climate change hazard (ExV) is based on the mean changes in each variable 

relative to an individual variableôs historical variability (defined by the standard deviation in the historical 

time period). An exposure to hazard metric (ExV) for each variable (V)/ ExV was calculated for each 0.5
o
 

latitude x 0.5
o
 longitude cell of the global ocean for 2050 (average of 2041 to 2060) under RCP2.6 and 

RCP8.5. The level of exposure to climate hazards are classified as low, medium, high and very high using 

a fuzzy logic algorithm (see Jones and Cheung, 2017). Fuzzy logic allows for the classification of 

multiple categories of exposure concurrently, with different levels of degree of membership (Figure 4; 

and see Jones and Cheung 2017, for details). Specifically, for each ExV estimate in a 0.5
o
 latitude x 0.5

o
 

longitude grid cell of the four ocean variables considered here, we calculated the degree of membership to 

the four categories of exposure to climate hazard using pre-specified fuzzy membership functions. For the 

low and very high categories, trapezoid functions were used, while triangular functions were used for 

medium and high categories (Figure 4). For example, if the ExV for temperature 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 categories (Figure 4).  

 

http://www.fishbase.org/
http://www.sealifebase.org/
http://www.seaaroundus.org/
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Figure 4. Fuzzy membership function for the exposure value to climate change hazard 

 

The degree of climate change as well as categories of speciesô biological and ecological traits were 

classified into levels of exposure to hazards, sensitivity, adaptive capacity and consequently, their 

vulnerability and risk of impacts, according 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 the expected levels 

of sensitivity, adaptive capacity and vulnerability of marine fishes and invertebrates. Trait values for each 

selected species were obtained from FishBase (www.fishbase.org) and SeaLifeBase 

(www.sealifebase.org) and are listed in Appendix A.3. We used published heuristic rules described in 

Jones and Cheung (2017). Actions defined by each rule are operated when a threshold value of 

membership is exceeded, thereby defining 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 Cheung et al., 2005), where:   

     

AccMem (i+1) = AccMem (i) + Membership(i+1) x (1 - AccMem (i))          

 

where AccMem is the accumulated membership of a particular conclusion (e.g., high vulnerability) and i 

denotes one of the rules that has led to this conclusion. 

 

Vulnerability and risk of impacts were expressed on a scale from 1 to 100, 100 being the most vulnerable. 

Index values (Indval) correspond to each linguistic vulnerability category (x) where Low = 1, Medium = 25, 

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

as the average of the index values weighted by their accumulated membership (Cheung et al., 2005). For the 

risk of impact index (for both the mid-century and end-of-century periods), FlnInd was calculated for each 

spatial grid cell where occurrence of the species was reported. The risk of impact for each species was then 

calculated as the average FlnInd across grid cells weighted by a cellôs marine surface area (as some cells 

would include more land than others). 

http://www.fishbase.org/
http://www.sealifebase.org/
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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 approach (sensu Hutchinson 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 species, respectively. We used these species-specific 

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. A multi-model 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, and therefore greater reliability). As the climate system is complex, 

current evidence indicates that it remains fundamentally impossible to describe all of the climateôs 

processes in a single model, no matter how complex the model is, with developers making choices with 

regards to what processes to include (and which to exclude) and how to parameterize them. As a 

consequence, an ensemble of several models is recommended to better account for structural and other 

uncertainties over time (Krishnamurti et al., 2000; Tebaldi et 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 (Thuillier et al., 2008), 

(3) Maxent (Phillips et al., 2004), and (4) NPPEN (Beaugrand et al., 2011). These models were selected 

as they are currently the most widely used in the published literature given the type of data we had access 

to for the region (Philips et al., 2004; Thuiller et al., 2009). Each ENM was applied to the climatological 

average over the last 30 years of the historical run of the GFDL CM2.6. For each of the 110 selected 

marine species, the models quantified individual speciesô environmental envelope by estimating the best 

combination of environmental conditions that describe a given species current 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 run), as well as for mid-century and end-of-

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 averaging. 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 Habitat Suitability 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 based on a Receiver Operating Characteristic (ROC) Curve 

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

HSI was greater than or equal to the threshold, the species was considered present. Species richness was 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 extinction (Jones and Cheung, 2015). 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 extinction (losses) represent(s) the number of species no longer found 

in a geographical cell relative to the reference period. Maps of local species gain and local extinction were 

produced for time periods with atmospheric CO2 concentration of ~400 ppm and ~535 ppm (average of 

year 31-40 and 71-80, respectively, of the simulation time frame of GFDL CM2.6 under the scenario of 

1% year
-1
 increase in atmospheric CO2 concentration). 
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2.2.3 Spatially-explicit population dynamic model  

We employed the Dynamic Bioclimate Envelope Model (DBEM) to project future changes in maximum 

catch potential for exploited marine fishes and invertebrates in the Caribbean Sea region. DBEM is a 

spatially-explicit population dynamic model that simulates changes in distribution, abundance and 

potential catches of species on a 0.5
o
 latitude x 0.5

o
 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 

Cheung et al. (2001) and Cheung et al. (2011): 

 

1. The current distributions of commercially exploited species, representing the average pattern of 

relative abundance in recent decades (i.e., 1970-2000), were produced using an algorithm 

developed by the Sea Around Us Project (see www.seaaroundus.org). The algorithm predicts the 

relative abundance of a species on a 0.5
o
 latitude x 0.5

o
 longitude grid based on the speciesô depth 

range, latitudinal range, known Food and Agriculture Organization statistical areas, and polygons 

encompassing 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 habitats (see 

www.seaaroundus.org). 

 

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), bathymetry, specific 

habitats (this is based on habitat maps of various habitat types as described in Cheung et al., 

(2008), salinity and sea ice with 30-year averages of outputs from 1971-2000 from Earth system 

models (the coarser global models at the resolution of 1° latitude 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 calculates the area-corrected 

distribution of relative abundance 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. Population carrying 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 top-10 annual catches was roughly equal to the maximum sustainable yield 

(MSY) of the species. As the simulation was carried out at the global scale, MSY was first 

estimated at the same scale and then pro-rated to each spatial cell according to the predicted 

species distribution. Our analysis focuses on the projected change relative to baseline level (i.e., 

relative to 1996-2005) 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 sub-model derived from a generalized von Bertalanffy 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 advection-diffusion of adults 

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 advection-diffusion-reaction 

equations for larvae and adult stages. Larval movement is partly determined by speciesô predicted 

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. 

http://www.seaaroundus.org/
http://www.seaaroundus.org/
http://www.seaaroundus.org/
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6. Maximum catch potential from each population was 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 affected by the uncertainties in the magnitude of the estimation.  

 

For each simulation, changes in total annual maximum catch potential by mid-century (2050: 2041-2060) 

and relative to 2000 (1996-2005) under RCP2.6 and RCP8.5 were calculated for the Caribbean region. 

The ensemble average across maximum catch potential projections from the three earth system models 

(GFDL ESM 2G, IPSL-CM5A-MR, and MPI-ESM-MR) are presented here. 

 

 

2.3 Key indicators 

We calculated a set of key indicators of climate risks and impacts for marine fish stocks and fisheries in 

the Caribbean region. These indicators are summarized in Table 4. 

 
Table 4. Description of indicators calculated using different modelling approaches and their interpretation. 

Climate projections used refer to: 1 = RCP2.6 & RCP8.5; mid-21st century (GFDL, IPSL, MPI); 2 = Idealized 

doubling of CO2 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 according to available 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 needed for the estimation of these indicators.  

Indicators Model(s) used Climate 

projections used 

Interpretation  

Fuzzy exposure index Fuzzy logic model 1 

 

A composite multi-stressor index 

indicating the degree of exposure of 

marine species to climate hazards; 1 - 

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 to 

climate change; 1 - 100, with 100 

indicating the highest risk of impacts. 

Changes in speciesô habitat 

suitability index (HSI) 

Species distribution 

models 

2 Impacts of climate change on the 

environmental niche of each species. 

Changes in the sum of 

speciesô habitat suitability 

index (HSI) 

Species distribution 

models 

2 Impacts of climate change on the 

availability of suitable habitats for 

marine assemblages 

Species invasion Species distribution 

models 

2 Projection of the number of species 

newly occurring locally 

Species local extinction Species distribution 

models 

2 Projection of the number of species 

disappearing locally 

Change in maximum catch 

potential 

Dynamic bioclimate 

envelope model 

(DBEM) 

1 Projection of changes in potential 

fisheries catches. 



CRFM Research Paper Collection Vol. 9 

24 

3 RESULTS 

 

3.1 Projected changes in ocean conditions 

 

Increasing CO2 emissions in the 21
st
 century are projected to change mean conditions of key ocean 

variables that are important to marine species in the Caribbean Sea (Figures 5 and 6, 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 

(Figures 5 and 6). 

 

 

  

  

Figure 5. Projected changes in oceanic 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 temperature (
o
C), (B) change in sea bottom temperature (

o
C), (C) change in sea surface 

oxygen concentration (%), (D) change in sea bottom oxygen concentration (%). 
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Figure 5 ï contôd. Projected changes in oceanic 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). (E) Change in sea surface acidity (hydrogen ion concentration) (%), (F) change in sea bottom acidity (%), 

(G), change in net primary production (%), and (H) change in atmospheric CO2 concentration (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 temperature (
o
C), (B) sea bottom temperature (

o
C), (C) sea surface salinity (ă), and (D) sea bottom 

salinity (ă) relative to pre-industrial levels. The projected changes in atmospheric CO2 concentration over time is 

shown in Figure 5H.  

 

Spatially, the surface and bottom waters in the Caribbean Sea would become substantially warmer with 

atmospheric CO2 concentrations at levels projected by the 2030s and 2050s under RCP8.5 relative to the 

average of 1970 to 2000 (Figure 7 - 9). Temperature is the primary driver of biological impacts of climate 

change on exploited fish stocks (Cheung and Pauly, 2016; Cheung, 2018). Warming of surface waters was 

projected be more homogenous across the Caribbean Sea compared to warming of bottom water, although 

surface water temperature was 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 and coastal areas. Across the water column, 

warming was projected to be positively related to atmospheric CO2 concentration. This warming trend is less 

pronounced in the bottom environment owing to the diffusion of the heat from the surface to the benthic 

compartment. These general spatial patterns of projected ocean warming in the Caribbean Sea are consistent 

across the high and low resolution Earth system modelsô outputs (Figures 7 to 9). 


