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Abstract: The sustainability of small island developing states (SIDS) of the Caribbean is fragile be-
cause of island size and topography, limited resources, population growth, natural disasters, and 
climate change. Current and projected sustainability in 2050 were assessed within the framework of 
the water–energy–food (WEF) nexus for 10 of 16 SIDS with the best databases. Values for each WEF 
sector below either Falkenmark indicators or regional averages were considered unsustainable (fail-
ing) for that sector. Overall, SIDS were considered unsustainable if they failed at least two of three 
sectors. Projected water sustainability for 2050 was based on population growth and climate change 
effects on precipitation and per capita water availability. All SIDS failed the food sector, and four 
failed the energy sector. Water was considered the ultimate control for long-term sustainability. Five 
SIDS currently fail the water sector, but all but the largest two SIDS are likely to fail this sector by 
2050. The role of poor governance and associated lack of long-term planning for population growth, 
disasters, and climate change, adaptative management strategies, infrastructure investment with an 
emphasis on nature-based solutions, decentralized energy grids emphasizing renewable energy, 
and local food production are clearly impediments for reaching sustainability goals for Caribbean 
SIDS. 

Keywords: Caribbean; water–energy–food nexus; sustainability; small island developing states;  
climate change; water security 
 

1. Introduction 
The three primary factors controlling the sustainability of ecosystems and societies 

(water, energy, food) have been incorporated into the WEF nexus, an important paradigm 
for decision-makers to assess sustainability and implement policy [1]. Castillo and Cris-
man [2] envisioned water, energy, and food as the spokes of a wheel that are joined to-
gether with health as the hub, with economics as the rim. Weitz et al. [3] stated that the 
nexus supports the 17 Sustainable Development Goals (SDGs) set by the United Nations 
by ensuring cost-effective, efficient, and sustainable resource use that incorporates adap-
tive management practices to adjust WEF to respond to short- and long-term resource 
fluctuations and human utilization [2,4]. 

Since its inception in 2011, the WEF nexus has evolved to emphasize models that 
both strengthen the understanding of each WEF sector and identify and quantify interre-
lationships among sectors and their sensitivity to outside forcing functions [5–10]. Na-
tional [11–13] and intra-national regional [14–16] Nexus models have been developed, but 
one model does not fit all situations, and model development must be based on extensive 
databases and interdisciplinary approaches [9,10]. 

Most developing nations lack sufficient temporal and spatial quantitative data to 
construct WEF nexus models [8], and less rigorous approaches must be taken to provide 
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broader overviews of nexus components and their interactions. Small islands are likely to 
be the most sensitive to changes in the WEF nexus despite the often-great diversity of 
landscapes relative to their limited area. Sadly, the great inter-island variability in re-
sources and demographics is ignored, and the islands are lumped into a single category, 
covering thousands of square kilometers, as is done for Oceania [17] and the Caribbean 
[18]. With overall limited resources, the resilience of small islands to changes in the WEF 
nexus is controlled at the landscape/watershed level [19–21]. There is a very short lag time 
between the imbalance in the nexus and a collapse in ecosystem and societal services. 
Adaptive management based on continuous monitoring of WEF components is critical 
[8,17,19,22]. 

Small island developing states (SIDS) were recognized in 1992 at the United Nations 
Conference on Environment and Development in Rio de Janeiro, Brazil, as a special cate-
gory of countries based on their unique social, environmental, and development issues 
[23], including small size, remoteness, susceptibility to climate change and biodiversity 
loss, and limited resource base. A total of 58 SIDS has been identified—38 UN members 
and 20 non-UN members/associate members of regional commissions from three global 
regions: the Pacific (67%), the Caribbean (25%), and the Atlantic Ocean/Indian 
Ocean/South China Sea (8%). The total land area of global SIDS is 117,902 km2, with a 
population of approximately 65 million [24]. 

The 28 SIDS in the Caribbean basin include three coastal continental countries (Belize, 
Guyana, Suriname) with a landmass of 29,190 km2 and a population of 3 million; the pop-
ulation is low but very dense (110 people/km2), especially along low-lying coasts [24]. Is-
lands are either volcanic in origin with great relief and narrow coastal plains or sedimen-
tary in origin and low lying. 

Overall, 7% of the land in Caribbean SIDS is under 5 m elevation, and only 6% of the 
land is arable. Geology and geography set the stage for stark contrasts in the ability of 
individual SIDS to meet sustainability goals. Energy needs are supplied mostly by fossil 
fuel plants locally or regionally, and hydropower meets nearly 50% of regional electricity 
needs [25]. 

Water is the most important component governing the WEF nexus, and water re-
sources vary greatly among Caribbean SIDS, reflecting the orographic influence of moun-
tains to produce high rainfall on windward slopes and drought or deserts on leeward 
slopes. In general, the lower the relief of an island, the lower the ability to store rainfall 
and the greater the likelihood of it experiencing chronic water shortages. Aquifers are ei-
ther absent or poorly developed, especially on islands with igneous geology. Precipitation 
is the dominant source of water resources for Caribbean SIDS, with both 90% of agricul-
ture and nearly 50% of regional electricity supplied by hydropower dependent on rainfall 
[25]. Apart from reservoirs on the largest islands, most SIDS depend on intact forests on 
interior slopes for short-term water storage and abatement of downstream floods, but 
rainfall patterns are dynamically related to annual wet and dry seasons and the interan-
nual difference in the frequency and intensity of El Nino/La Nina and hurricanes. 

Water security is the most pressing issue in Caribbean SIDS. All countries of the Car-
ibbean have agreed to meet the 17 UN SDGs, which integrate economic and social devel-
opment with environmental sustainability by 2030 [26], but Sarni [27] warned that meet-
ing SDG #6 to “ensure availability and sustainable management of water and sanitation 
for all” will require radical changes in water management practices if there is any likeli-
hood of success. 

Projected impacts of long-term climate change on Caribbean SIDS are potentially dire 
and lead to regional unsustainability. We took a conservative approach and selected 
changes to 2050 for all climate change parameters even if publications projected farther 
into the future. We felt that longer projections suffer from increasing uncertainty. Despite 
model differences and some degree of differential impacts across the basin, average an-
nual temperatures are expected to rise 1° to 5 °C for Caribbean SIDS, with the greatest 
warming in the Greater Antilles [28]. Mycoo [29] noted that although Caribbean SIDS have 
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often implemented innovative climate change adaptation strategies, strategy reassess-
ment will be required should mean annual temperature exceed 1.5 °C. 

The Caribbean basin Is expected t” exp’Iience a significant decrease in precipitation 
overall [28], including 10–30% over the Greater Antilles and Eastern Caribbean subregions 
and 10% in Trinidad [30]. Decreased rainfall during the summer rainy season will not 
meet expected water demand and not be offset by projected increased rainfall during the 
winter dry season unless infrastructure is built to store water. 

This study incorporates the WEF nexus to assess both the current sustainability of 10 
Caribbean SIDS and the likely responses to projections of climate change by 2050. Sustain-
ability for water, energy, and food was analyzed separately to include key parameters 
relating to resource availability to meet human needs. Each WEF component was then 
deemed to be failing or meeting sustainability conditions for each nation, and an overall 
sustainability score was calculated from the average of the three separate scores. 

2. Materials and Methods 
2.1. Study Sites and Physical Characteristics 

Ten of the sixteen Caribbean SIDS from across the basin for which there were suffi-
cient data for analysis for WEF parameters were included in this study (Figure 1). Surface 
areas ranged from 261 km2 (St. Kitts and Nevis) to nearly 14,000 km2 (Bahamas), maximum 
elevation from 64 m (Bahamas) to 2256 m (Jamaica), and agricultural area from 60 km2 (St. 
Kitts and Nevis) to 4550 km2 (Jamaica) (Table 1). Most countries had populations under 1 
million; however, values ranged from around 53,000 (St. Kitts and Nevis) to 3 million (Ja-
maica). Gross domestic product (GDP) ranged from 800,000,000 (Dominica) to approxi-
mately 43 billion (Trinidad and Tobago). 

 
Figure 1. Caribbean SIDS included in this study. 
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Table 1. Demographic and physical characteristics of Caribbean SIDS included in this study. Data obtained from the 
CIA World Factbook [31]. 

Country Population GDP (USD) 
Surface 

Area 
(km2) 

Agricultural Area 
(km2) 

Highest 
Elevation 

(m) 
Antigua and 

Barbuda 95,882 2,398,000,000 442 91 402 

Bahamas 332,634 12,060,000,000 13,900 195 64 
Barbados 293,131 5,218,000,000 430 140 336 
Dominica 74,027 783,000,000 751 261 1447 
Grenada 112,207 1,634,000,000 344 111 840 
Jamaica 2,812,090 26,060,000,000 10,991 4550 2256 

St. Kitts and 
Nevis 53,094 1,550,000,000 261 60 1156 

St. Lucia 165,510 2,542,000,000 616 107 948 
St. Vincent and 

Grenadines 
101,844 1,265,000,000 389 100 1234 

Trinidad and 
Tobago 1,215,527 42,850,000,000 5128 544 940 

2.2. Current WEF Nexus and Island Sustainability 
Renewable freshwater resources (m3/year), water produced by desalination 

(m3/year), and per capita water use (m3/year) data [32] were compiled for each country 
from the FAO AQUASTAT database [33], and population data were compiled for each 
SIDS from the CIA World Factbook [31] to calculate water availability per capita 
(m3/capita/year) and total water use per year (m3/year). 

Two water availability indicators were then calculated: the WHO Required Water 
Availability (7.3 m3/capita/year) [34] and Falkenmark Water Stress Indicator [35]. The 
latter measures water scarcity based on annual freshwater availability per capita 
thresholds at the country level [32], which are water quantities necessary for human 
societal needs. Falkenmark water scarcity indicators are widely used to assess water 
security for countries [36] and recognize three levels of water availability: water stress 
(1700 m3/capita/year), water scarcity (1000 m3/capita/year), and absolute water scarcity 
(<500 m3/capita/year). Nations in the water stress category do not reach thresholds 
required for agricultural, domestic, and industrial uses, while those in the water scarcity 
range of 500 and 1000 m3/capita/year fail to meet basic freshwater demands of their 
population and are in danger of slipping into “absolute water scarcity” and experiencing 
constant water shortages and nation-wide restrictions on water use. 

Previous authors and the World Bank have indicated that the Falkenmark index is a 
useful and straightforward measure of water scarcity when observing water data at a 
country level, although the index fails to consider societal and geographic differences 
between countries [32,37,38]. Due to the lack of sufficient available data in the Caribbean 
SIDS, the Falkenmark index was chosen as the measure of water scarcity for individual 
SIDS. 

Energy data for each country included World Bank indicators of population access 
to electricity, power losses, and renewable energy consumption [39]. Access-to-electricity 
values for each country were compared with Latin America and Caribbean (LAC) and 
world values. Data for power losses and renewable energy production, where available, 
were compared with LAC and global values. A “fail” was given to SIDS that did not meet 
LAC averages for electricity access and world averages for power loss and renewable 
energy consumption. 
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Data for food resources included food supply variability, dietary energy supply 
adequacy, cereal import dependency ratio, and annual estimates of undernourishment 
based on reports of the Food and Agriculture Organization of the United Nations [40]. 
Average dietary energy supply, cereal import dependency ratio, and food supply 
variability for each SIDS were compared with LAC and world averages. 

Evaluation of sustainability under current conditions (pass or fail) for individual 
SIDS consisted of two stages. First, the sustainability of each WEF component was based 
on resource base versus human demand, then overall sustainability of the SIDS was based 
on the average of the three WEF scores. Countries that failed most parameters for either 
energy or food sectors then failed that sector. For the water sector, Falkenmark indicators 
were used to identify water stress for each country and designation of pass/fail for the 
water sector. Individual country sectors that met or exceeded the Caribbean values in the 
energy and food sectors or maintained values above Falkenmark indicators for the water 
sector were classified as “pass” for that sector and were not analyzed further. Although 
sectors are measured individually, each contributes to the WEF nexus via the intrinsic 
linkages between each sector [1]; therefore, by failing one, other sectors are negatively 
impacted. In this study, failing multiple categories of the WEF nexus indicates a failure to 
be sustainable under measured conditions. 

2.3. Projected Climate Change Impacts on Sustainability by 2050 
The sustainability of the WEF Nexus in each SIDS to 2050 was assessed relative to 

projected populations and climate change impacts. Population was modeled using 
growth estimates from the CIA World Factbook [31] and combined with precipitation rate 
changes [30] to calculate water use in 2050. Determination of pass/fail for each WEF 
parameter followed the methodology described for current sustainability. 

3. Results and Discussion 
3.1. Current WEF Nexus and Island Sustainability 
3.1.1. Water 

Annual available water for individual Caribbean SIDS (Figure 2) was based on FAO 
calculations of renewable annual freshwater resources, combining the average flow of 
rivers, rainfall, and aquifer recharge from precipitation. Although evapotranspiration was 
not included in the FAO database, this likely had minimal impact on our calculations 
because of the general lack of surface water for most of the islands of this study. 

All islands in this study met the WHO minimum available water requirement (7.3 
m3/capita/year). Six nations, including the two largest of this study (Jamaica and Trinidad 
and Tobago), have adequate available water, but three (Antigua and Barbuda, Barbados 
and St Kitts and Nevis) were in the absolute water scarcity category of the Falkenmark 
index, and St. Vincent and the Grenadines was within the water scarcity category. The 
water supply for St. Vincent, which is dependent on surface water, was destroyed by the 
La Soufriere volcano eruption of 2021, pushing the island into the absolute water scarcity 
category at least for the near term. All four failed to meet the minimum available water 
value of 1700 m3/capita/year. 

Desalination plants are operational in Antigua and Barbuda, the Bahamas, Barbados, 
Jamaica, St. Kitts, St. Vincent and the Grenadines, and Trinidad and Tobago and 
contribute significantly to their available water base [41], but their contribution to annual 
water availability was not included in the FAO database. Although St. Kitts and Nevis 
changed from absolute water scarcity to water-scarce for the Falkenmark indicator when 
the contribution of desalinated water was included, the designation of pass or fail did not 
change for any Caribbean SIDS (Table 2). 
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Figure 2. Renewable annual freshwater volume available to each country on a per capita basis. 
Dashed lines are the Falkenmark indicators used to indicate water stress, water scarcity, and abso-
lute water scarcity. Not displayed is the WHO requirement of water per capita, 7.3 m3/capita/year. 
Data from WHO and FAO AQUASTAT [33,34]. 

Table 2. Renewable freshwater and desalinated water resources for each country. Addition of de-
salinated water resulted in a minor change from renewable freshwater on a per capita basis. Data 
from FAO AQUASTAT [33]. 

Country 
Renewable  
Freshwater 

(m3/capita/year) 

Natural and Desalinated 
Water Availability  

(m3/capita/year) 

Difference 
(m3/capita/year) 

Antigua and Barbuda 542 616 74 
Bahamas 2104 2126 22 
Barbados 273 311 38 
Dominica 2701 2701 0 
Grenada 1782 1782 0 
Jamaica 3849 3849 0 

St. Kitts and Nevis 452 514 62 
St. Lucia 1813 1813 0 

St. Vincent and  
Grenadines 982 988 6 

Trinidad and Tobago 3159 3198 39 

Falkenmark indicators, while valuable, do not completely account for the special con-
ditions of Caribbean SIDS. There are pronounced wet and dry seasons in the Caribbean, 
and both El Nino/La Nina cycles and interannual differences in hurricane paths and in-
tensity can bias generalized calculations of annual water availability. Although small, 
many Caribbean islands display major differences in water availability depending on 
which side of the mountains is evaluated; this is associated with rain shadow effects, with 
windward being humid and leeward arid. There are also cultural differences in water use 
between countries, in part a reflection of poverty and access to water resources. 

Annual water use was compared to available water resources for each Caribbean 
SIDS (Figure 3). Except for Antigua and Barbuda, Barbados, and St. Kitts and Nevis, all 
Caribbean SIDS of this study, regardless of size, use less than 20% of annual available 
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water. St. Kitts and Nevis is using 64% of its annual renewable water, while Barbados has 
a deficit of 8%, associated with the over-pumping of groundwater. Both countries also 
were characterized as “absolute water scarcity” (Figure 2), potentially leading to a loss of 
water security for both. St. Vincent and the Grenadines, while experiencing water scarcity, 
used only a fraction of the available water (8%) prior to complete water system breakdown 
following the eruption of the La Soufriere volcano on St. Vincent in 2021. 

 
Figure 3. Water use as a percent of available water (annual renewable freshwater) for Caribbean 
SIDS. Includes water for agriculture (irrigation, livestock, and aquaculture), domestic supply, and 
industry. Data from FAO [40]. 

The lack of agreement between the degree of water stress/insecurity (Figure 3) and 
the percent of available water utilized (Figure 4) for the 10 Caribbean SIDS is attributed to 
aging infrastructure and water access for island populations [42]. Although most of the 
SIDS claim that both rural and urban populations have access to improved water supplies 
[43] (Table 3), the water supply system of Miches, Dominican Republic, is considered typ-
ical of the reality of water supplies on many Caribbean islands [44]. As common on many 
islands, the source of municipal water for Miches is a mountain stream, with a small dam 
to feed the water into a pipe that delivers water via gravity to a storage tank just above 
the town. It is then chlorinated to some degree and gravity-fed into the town. The more 
affluent families have storage tanks on top of their houses that they fill when municipal 
water is flowing; thus, daily water volume decreases downhill to a point that the low-
lying areas of the town rarely receive water in their homes. 

Prior to 2010, poor people in Miches, most of whom lived above the water storage 
tank and thus lacked access to the gravity-based municipal system, obtained water by 
rainwater collection at their homes, collecting leakage that flowed across the ground from 
the rusting storage tank for the town, or sending children to beg at downhill homes for 
water. If they were not successful by the time they reached the low-lying area of town, 
they filled their containers with contaminated river water and returned home. Only after 
the water situation and governmental indifference were exposed was a new tank sud-
denly installed in 2010. While improving water delivery for the downhill town, the poor 
lost a water supply provided by the leaking tank [44]. 

The Miches experience is similar to that in many other Caribbean SIDS [41]. Grenada, 
St Vincent and Grenadines, and Dominica fail to meet water demand during the dry sea-
son because of low stream flow, with Dominica losing 50% loss of its water supply. Intact 
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and effectively managed mountain forests are critical for both retaining water into the dry 
season and maintaining a base flow in streams and reducing peak flows during the wet 
season, resulting in slope and channel erosion and flooding downstream. Unfortunately, 
deforestation of mountain slopes for agriculture and forest products above water intake 
pipes in streams, as observed at Miches, Dominican Republic, after 2009, is a major man-
agement issue throughout the Caribbean. Upper watershed mismanagement has resulted 
in coastal urban areas in both St. Lucia and Trinidad and Tobago experiencing major 
flooding, sediment deposition, and overall reduced water flow during the dry season [41], 
and recent catastrophic damage to watersheds in St. Vincent by volcanic ash and fires in 
2021 has contaminated stream-sourced water supplies and increased downstream flood-
ing and sedimentation. 

 
Figure 4. Available water for each SIDS for 2020 and 2050 based on current population growth rates 
and water use. The 2050 values were then recalculated to reflect 10% and 30% reduction in rainfall 
associated with climate change. All values were then related to Falkenmark indicators of 1700 
m3/capita/year (water stress), 1000 m3/capita/year (water scarcity), and 500 m3/capita/year (absolute 
water scarcity). 

Table 3. Water supply of urban and rural populations across the Caribbean. Data from 
UNICEF/WHO [43]. 

Country Urban Population 
(%) 

Water Supply 
Urban Rural 

Unimproved 
(%) 

Improved 
(%) 

Unimproved 
(%) 

Improved 
(%) 

Antigua and 
Barbuda 

89 5 95 11 89 

Bahamas 84 2 98 14 86 
Barbados 44 0 100 0 100 
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Dominica 67 4 96 4 96 
Grenada 39 2 98 7 93 
Jamaica 52 2 98 12 88 

St. Kitts and 
Nevis 

32 1 99 1 99 

St. Lucia 28 2 98 5 95 
St. Vincent and 

Grenadines 49 N/A N/A 7 93 

Trinidad and 
Tobago 14 2 98 7 93 

UNICEF/WHO [43] also reported that over 90% of rural and urban areas in all Car-
ibbean SIDS of this study had improved wastewater treatment (Table 4). This is in stark 
contrast to Pan American Health Organization findings that 85% of waste enters the Car-
ibbean Sea untreated, 51% of households lack any kind of sewer connection, and only 17% 
are connected to adequate collection and treatment systems [41]. Cesspools are the most 
usual form of wastewater “treatment” in both rural and urban areas, where wastewater is 
simply stored until it can be pumped out for treatment elsewhere. Such systems are rarely 
monitored by governments and leach into groundwater or discharge into streams during 
floods. 

Cashman [41] listed the key challenges to water sustainability in Caribbean SIDS as 
a general lack of data, frequent inability to access the existing data, neglect of planning for 
water resources, and lack of progress on national water policies. Antiquated and poorly 
maintained infrastructure in Barbados, for example, results in 40% loss of municipal water 
from broken pipes and leakage and increased likelihood of contamination from 
wastewater sources. Major driving forces affecting SIDS water sustainability are increas-
ing urbanization on coastal areas, antiquated or missing infrastructure, economic and en-
vironmental impacts of rapidly expanding tourism, projected climate change impacts, and 
mismanagement of inland mountain ecosystems for water conservation. Crisman et al. 
[42] noted that while water resources and the environment in general in Puerto Rico are 
resilient to catastrophic events such as Hurricane Maria, sustainability is threatened by 
failed infrastructure and governance. 

Table 4. Water sanitation for urban and rural populations. Data from UNICEF/WHO [43]. 

Country 
Urban 

Population 
(%) 

Water Sanitation 
Urban Rural 

Unimproved 
(%) 

Improved 
(%) 

Unimproved 
(%) 

Improved 
(%) 

Antigua and 
Barbuda 

89 2 98 2 98 

Bahamas 84 2 98 2 98 
Barbados 44 0 100 0 100 
Dominica 67 4 96 8 92 
Grenada 39 4 96 3 97 
Jamaica 52 3 97 11 89 

St. Kitts and 
Nevis 

32 2 98 2 98 

St. Lucia 28 1 99 7 93 
St. Vincent and 

Grenadines 49 5 95 5 95 

Trinidad and 
Tobago 

14 3 97 7 93 
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Discrepancies for water availability and quality in the Caribbean SIDS hinder the as-
sessment of short and long sustainability of water resources to meet societal and environ-
mental requirements. In addition to data availability, part of the problem results from 
definitions and perceptions of human acceptance levels for often inadequate supply and 
quality. Health is often forgotten in discussions of water sustainability. It is critical that 
safe and adequate water is available in both rural and urban areas throughout the year at 
locations that do not put an undue burden on populations to obtain them. Water is a basic 
human right that must be honored. All Caribbean SIDS currently experience periodic, sea-
sonal, or looming problems for water sustainability, but Antigua and Barbuda, Barbados, 
St. Kitts and Nevis, and St. Vincent and the Grenadines currently fail in the sustainability 
of the water sector. 

3.1.2. Energy 
Both the Caribbean basin and Latin America provided electricity to 97% of their pop-

ulations in 2018 compared to the global average of 87% [30]. All Caribbean SIDS of this 
study exceeded the world average for national electricity access of populations (98% ver-
sus 90%), and only Grenada (95%) was slightly below the LAC average of 97% [30]. Access 
must be viewed in the context of societal acceptance of planned or periodic outages. 

Electric distribution grids in Caribbean SIDS are mostly centralized and considered 
antiquated and inadequate by current standards [42]. The global average for electric 
power losses in distribution grids in 2014 was 8% of total output, whereas the LAC aver-
age was double that (16%) [30]. Power loss for three Caribbean SIDS, Antigua and Bar-
buda (24%), Jamaica (27%), and St. Kitts and Nevis (19%) greatly exceeded global and 
LAC values and were considered failing in this parameter, but the remaining seven SIDS 
of this study together met the global value (7.5% average) and are considered passing. 

Most Caribbean SIDS rely on fossil fuel imports to power local generation plants  
(Table 5). The great variability in the percent of total imports comprised of petroleum, in 
part, reflects the availability of petroleum reserves locally and the importation of electric 
energy from other SIDS. Renewable energy (geothermal facilities, onshore wind farms, 
solar power) account for less than 10% of power generation for Caribbean SIDS, except 
for Dominica, which generated 28% of its domestic needs by hydroelectric in 2015, thus 
meeting or exceeding LAC (28%) and global (18%) averages [30]. 

Table 5. Petroleum imports compared with total imports (USD) for each SIDS during 2018. 

Country 
Petroleum Imports 

(USD)—2018 
Total Import 
(USD)—2018 

Petroleum as 
Percent of Total 

Antigua and Barbuda 230,190,000 955,000,000 24% 
Bahamas 2,220,800,000 6,920,000,000 32% 
Barbados 378,130,000 1,650,000,000 23% 
Dominica 9,968,800 295,000,000 3% 
Grenada 5,842,300 200,000,000 3% 
Jamaica 915,859,000 4,400,000,000 21% 

St. Kitts and Nevis 25,786,000 246,000,000 10% 
St. Lucia 1,632,308,900 1,910,000,000 85% 

St. Vincent and  
the Grenadines 46,000,000 393,000,000 12% 

Trinidad and Tobago 1,122,100,000 4,710,000,000 24% 

Caribbean SIDS were categorized as failing in the energy sector if they failed in two 
or more energy parameters (Table 6). Antigua and Barbuda, Grenada, Jamaica, and St. 
Kitts and Nevis failed the energy sector due in part to distribution losses and low renew-
able energy output. Centralized power grids are extremely sensitive to natural disasters, 
including hurricanes and earthquakes [42], and the only hope for power sustainability is 
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to promote decentralized power grids with greater reliance on alternative electric gener-
ation, especially solar. 

Table 6. Energy sector scoring for each parameter as well as the final classification for each country. 
Countries are considered failing if they fail in two or more parameters. 

Energy Parameters Pass or Fail 
Country Access Losses Renewable Final Classification 

Antigua and Barbuda Pass Fail Fail Fail 
Bahamas Pass Pass Fail Pass 
Barbados Pass Pass Fail Pass 
Dominica Pass Pass Pass Pass 
Grenada Fail Pass Fail Fail 
Jamaica Pass Fail Fail Fail 

St. Kitts and Nevis Pass Fail Fail Fail 
St. Lucia Pass Pass Fail Pass 

St. Vincent and the Grenadines Pass Pass Fail Pass 
Trinidad and Tobago Pass Pass Fail Pass 

3.1.3. Food 
The FAO [45] reported that Caribbean SIDS are extremely reliant on food imports, 

with individual islands facing high trade costs and an inability to meet food safety and 
quality thresholds. Imports often exceed 80% of the total food supply even if, as in the 
case of Puerto Rico, there is sufficient land to produce the bulk of the food required [42]. 
Although there has been a gradual reduction in the percent of the Caribbean basin popu-
lation suffering from chronic undernourishment since 2000, the value of 18% was approx-
imately double that of America (5%) and Central America (6%) in 2018 [40]. It is not clear, 
however, the extent to which these values reflect the lack of agricultural land, funds to 
import food, or an inadequate food distribution network. 

Average dietary energy supply adequacy (ADESA) is the theoretical threshold food 
supply needed by a nation to feed its population adequately and is expressed as a percent 
of available calorie supply to daily population needs. Three Caribbean SIDS (Antigua and 
Barbuda, Grenada, St. Lucia) failed to meet minimum daily calorie needs for their popu-
lations by 1–7% in 2016–2018, signaling potential food insecurity. 

Food production across the Caribbean region has been declining since the 1980s 
[45,46]. SIDS often have limited agricultural land and are forced to rely on food imports. 
Cereal import dependency is an indicator used by FAO to understand the relationship of 
imported cereals to produced cereals. Globally, nations export approximately 1% of their 
cereal production, but all Caribbean SIDS imported 100% of their cereal needs, thus in-
creasing their susceptibility to food insecurity issues. Finally, all Caribbean SIDS of this 
study experience daily instability in their daily and annual food supply annually. In 2013, 
the global average variability in daily calories per capita was 6 kcal/capita/day, while all 
Caribbean SIDS greatly exceeded this, with daily values ranging from 19 kcal/capita/day 
(St. Vincent and the Grenadines) to 102 kcal/capita/day (Antigua and Barbuda), suggest-
ing food insecurity. 

A final food sector score for each SIDS was based on the three parameters: food ade-
quacy, cereal import, and food supply variability (Table 7). SIDS that failed for two or 
more food parameters were classified as failing for the food sector (Table 8). While most 
SIDS had adequate food supplies, all failed both cereal import and food supply variability 
and, thus, were classified as failing the food sector. 

Table 7. Final classification of the food sector for SIDS. All failed, with the possible exception of St. 
Kitts and Nevis, which lacked data on cereal imports. 
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Food Parameters Pass or Fail 

Country Adequacy 
Cereal 
Import 

Food Supply 
Variability 

Final 
Classification 

Antigua and Barbuda Fail Fail Fail Fail 
Bahamas Pass Fail Fail Fail 
Barbados Pass Fail Fail Fail 
Dominica Pass Fail Fail Fail 
Grenada Fail Fail Fail Fail 
Jamaica Pass Fail Fail Fail 

St. Kitts and Nevis Pass N/A Fail Fail 
St. Lucia Fail Fail Fail Fail 

St. Vincent and the Grenadines Pass Fail Fail Fail 
Trinidad and Tobago Pass Fail Fail Fail 

Table 8. Current WEF sustainability for each Caribbean SIDS based on sustainability assessments 
of water, energy, and food sectors. Overall sustainability was based on failing two or more sectors. 

WEF Sector Summary 
Country Water Energy Food 

Antigua and Barbuda Fail Fail Fail 
Bahamas Pass Pass Fail 
Barbados Fail Pass Fail 
Dominica Pass Pass Fail 
Grenada Pass Fail Fail 
Jamaica Pass Fail Fail 

St. Kitts and Nevis Fail Fail Fail 
St. Lucia Fail Pass Fail 

St. Vincent and the Grenadines Fail Pass Fail 
Trinidad and Tobago Pass Pass Fail 

3.1.4. Current WEF Sustainability 
Final classifications for each WEF sector were combined for individual Caribbean 

SIDS (Table 8) to determine overall sustainability. Over half of the SIDS failed at least two 
sectors of the WEF and were deemed to lack sustainability under current conditions. Only 
3 of the 10 SIDS (Bahamas, Dominica, and Trinidad and Tobago) failed one sector (food, 
as did all SIDS) and were considered currently sustainable. The remaining seven SIDS 
failed at least two sectors and were categorized as unsustainable, including two SIDS that 
failed all three sectors (Antigua and Barbuda, St. Kitts and Nevis). 

3.2. Projected Climate Change Impacts on Water Sustainability by 2050 
Water availability estimates for each SIDS in 2050 were calculated using population 

growth rates for 2020 from the CIA World Factbook [31] (mean 0.67% increase per year, 
range 0.2–1.2) and current water use per capita, which were then compared with 2020 
values and Falkenmark indicators (Figure 4). Two of the three highest population growth 
rates were for Antigua and Barbuda and St. Kitts and Nevis, both currently with serious 
water insecurity. The Bahamas has the highest population growth rate (1.5%) and is pro-
jected to display the greatest change in water security, slipping from sustainable into wa-
ter stress by 2050, as will Grenada and St. Lucia, currently borderline sustainable.  

Precipitation is projected to decrease by 10–30% over the Greater Antilles and eastern 
Caribbean, with Trinidad and Tobago experiencing a 10% decrease [30]. As precipitation 
has the greatest impact on water availability, conservative estimates of a 10–30% de-
creased water availability were assumed for the Caribbean basin by 2050. The two precip-
itation scenarios were then added to projected population growth rates to estimate the 
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overall impact on Falkenmark indicators (water stress, water scarcity, and absolute water 
scarcity) for each Caribbean SIDS (Figure 4). 

With a 10–30% decrease in available water from reduced precipitation, three of six 
SIDS currently above Falkenmark indicators (Bahamas, Grenada, St. Lucia) would become 
water-stressed. The two largest islands, Jamaica and Trinidad and Tobago, are projected 
to remain highly sustainable for water even with a 30% decline in annual precipitation. 
Dominica will also remain sustainable except under the 30% decline scenario. Unfortu-
nately, Antigua and Barbuda, Barbados, and St. Kitts and Nevis are projected to become 
even more water-insecure by 2050 than they are currently. 

In 2020, all 10 SIDS failed the food sector, four failed energy, and five failed water, 
resulting in seven failing two of the three sectors and being classified as unsustainable 
(Table 8). Two additional SIDS (Bahamas, Dominica) will fail the water sector by 2050, 
with only the two largest islands (Trinidad and Tobago, Jamaica) passing water sustaina-
bility (Table 9). Human demands on water resources for this study were considered con-
servative and did not include seasonal pressures from tourists and foreign retirees, espe-
cially in the dry season. However, they did not consider the potential expansion of desal-
ination for water supply to increase water availability. 

Nine of the ten Caribbean SIDS will be unsustainable in the WEF nexus. Only Jamaica 
has the potential of remaining sustainable under the conservative estimates of this study. 
There is great potential that many of the SIDS can return to sustainability in currently 
failed sectors, especially in decentralized power grids relying on alternative energy 
sources, infrastructure and adaptive management plans for water resources, and innova-
tive measures to increase locally sourced food in both rural and urban areas. The key to a 
sustainable future is responsible government, as demonstrated for Puerto Rico [42]. 

Table 9. Water sector sustainability in 2020 and 2050. Values in 2050 assume population growth and 
precipitation decrease from climate change. 

Water Sector Comparison 
Country Water—2020 Water—2050 

Antigua and Barbuda Fail Fail 
Bahamas Pass Fail 
Barbados Fail Fail 
Dominica Pass Fail 
Grenada Pass Fail 
Jamaica Pass Pass 

St. Kitts and Nevis Fail Fail 
St. Lucia Fail Fail 

St. Vincent and the 
Grenadines Fail Fail 

Trinidad and Tobago Pass Pass 

3.3. Governance and SIDS Sustainability 
On the whole lacking, the nations of the Caribbean face significant challenges in 

maintaining infrastructure, enforcing the rule of law, controlling corruption, providing 
services, and growing economies. Collectively, these shortcomings impair the ability of 
Caribbean governments to implement sustainable, long-term development strategies, un-
dermine resiliency, and, as discussed earlier, lead to WEF nexus vulnerability. Given the 
small size and limited resources of many island nations, there is a tendency—attributable 
to budget and capacity constraints—to respond to rather than address systemic problems. 
There is a reluctance, because of cost and political will, to fully embrace solutions to 
strengthen the legs of the WEF stool. That said, there remains an opportunity to better 
prepare SIDS for climate change by enhancing regional cooperation and coordination 
through organizations such as CARICOM; aid from larger foreign partners, especially the 
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United States, which has increasingly supported sustainability, especially alternative en-
ergy sources; and financial and capacity support from international institutions such as 
the Inter-American Development Bank. 

In recent decades, the expansion of democracy to most of the Caribbean region has 
been a positive development that, if sustainable, will induce increased accountability, a 
necessary prerequisite of good governance. In fact, with the exception of Cuba, an author-
itarian regime, and Haiti, which is essentially a failed state, the Caribbean basin is demo-
cratic today. In 2020 alone, Guyana, Suriname, the Dominican Republic, and Belize suc-
cessfully held elections that resulted in a peaceful transfer of power, while several other 
states held elections deemed free and fair, resulting in incumbents retaining power [47]. 

Caribbean governance challenges fall into two broad categories: the historical context 
and capacity/performance limitations. Caribbean SIDS have colonial histories, the legacy 
of which is that the foundation of governments was not to meet the needs of its citizens. 
Second, the governments themselves have limited financial and technical resources, espe-
cially data collection, which makes it difficult for SIDS to adapt to climate change and 
prepare for extreme weather [48]. Of course, by failing to invest upfront, the cost of recov-
ery after hurricanes, volcanoes, and other natural disasters increases exponentially. 

History and geography contribute directly to governance challenges. Caribbean SIDS 
were colonies, with governments designed to serve European colonial rulers, and later the 
United States, which has long played the role of regional suzerain. Moreover, the Carib-
bean region’s demographics, economic development, and ultimate government structures 
were also shaped—largely adversely—by slavery, exploitive agricultural policies, often 
unbalanced trade arrangements, global ideological conflicts, and, more recently, tourism. 
It bears mentioning that most Caribbean nations have only secured independence re-
cently, including the smallest nation, St. Kitts and Nevis, in 1983. Newly independent na-
tions, some incredibly small with limited resources, not only lack capacity and financial 
wherewithal but, in many cases, still seek a good governance formula. Accountability 
through the ballot box is an encouraging development, but by no means has it yet equated 
to WEF security. 

Haiti, Cuba, and the Dominican Republic have been independent for much longer 
periods of time than their neighbors, but all have histories replete with authoritarian rule, 
instability, and US military occupation. All have had endemic corruption. Additionally, 
each has experienced natural disasters that have led directly to political instability; insta-
bility, in turn, led to governmental failure to protect the WEF nexus and ultimately re-
sulted in political change—the most glaring example being the 2010 earthquake in Haiti, 
which killed up to 300,000 people and left 1.5 million people displaced, nearly 33,000 of 
whom were still displaced as of January 2020 [49]. 

Haiti’s history is as inspiring as it is tragic. Winning its independence from France in 
1802, Haiti was essentially shunned by the international community for decades, which 
had profound implications on governance. The government was starved for money, and 
it contributed to a culture of corruption that has endured to the present. Why the exclu-
sion? The United States saw the first black republic as an existential threat to slavery and 
the plantation system of the South [50]. Britain invaded Haiti and later saw it a threat to 
its colonial holdings and the plantation system elsewhere in the Caribbean, which pro-
duced sugar and other agricultural products—and huge revenue—for the Empire. France 
eventually recognized Haiti, but the price of recognition was that despite winning its in-
dependence, Port-Au-Prince was forced to pay a massive indemnity that distorted eco-
nomic development for decades. The more starved for cash, the less efficient the govern-
ment. Later, foreign intrigue and debt led to a lengthy American occupation; the Ameri-
cans essentially perpetuated a plantation system and worked to dismantle the informal, 
community-based governance structure that then existed on the island [51]. Haitian agri-
culture has traditionally been geared toward export markets rather than internal needs. 
The plantation system resulted in deforestation—a problem acknowledged but not ad-
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dressed in Haiti’s first constitution [51]. The infrastructure is antiquated, and while for-
eign assistance has periodically been used to meet needs, it has provided short-term relief 
rather than longer-term sustainable development. Tourism has generated income in the 
past, but government volatility has essentially destroyed the industry. 

The collapse of Haiti’s tourism industry serves as an example to other tourism-de-
pendent nations of the region. Tourism is always vulnerable to political unrest, natural 
disaster, global economic cycles, and—as seen in the past year—pandemics. The Interna-
tional Monetary Fund found significant economic contraction amongst Caribbean nations 
in 2020, with several declining by over 15% [52]. 

Then, there is the example of Puerto Rico, where WEF nexus vulnerabilities are di-
rectly tied to governance. Under Puerto Rico’s “commonwealth” status, which, at its core, 
is colonial, there is confusion as to whom—Washington, San Juan, or municipalities—is 
ultimately responsible for making, funding, and implementing decisions. This lack of clar-
ity, perhaps more than any other factor, led to a prolonged economic downturn, bank-
ruptcy, deterioration of critical infrastructure, loss of population, and a shrinking tax base, 
with no viable path to recovery long before the devastating hurricanes of September 2017. 
Puerto Rico has been, and remains, extremely vulnerable to natural disasters and the ef-
fects of climate change [42]. 

Understanding why Puerto Rico is vulnerable is illustrative of problems throughout 
the Caribbean—perhaps even more so because the commonwealth is larger in size and 
population than most of its neighbors and, for better and worse, tied to the United States 
politically. At the time of American occupation in 1898, Puerto Rico had an agriculture-
based economy. The economy suffered greatly when crop prices dropped, particularly 
during the Great Depression. This led Washington and, after quasi-independence in 1950, 
Puerto Rican political leaders to explore other economic development options—centered 
on industrialization and building modern infrastructure [53]. Even with protectionist pol-
icies such as the Jones Act impeding growth, these development plans succeeded in grow-
ing the economy and raising human development indicators. For example, average in-
come, adjusted for inflation, rose from USD 718 in 1960 to USD 28,704 in 2013 [53]. 

However, Puerto Rico’s growth stopped abruptly when Washington eliminated tax 
incentives and the island had to compete on the global marketplace with nations offering 
cheaper labor and overhead costs. As explained by Crisman et al. [42], Puerto Rico lost 
half its manufacturing jobs over a 20-year period ending in 2017 [54] and was also hit 
harder by the Great Recession of 2008 than Americans living stateside. Puerto Ricans em-
igrated in mass numbers to the U.S. mainland, resulting in a reduced tax base, insolvency 
at the central and local government levels, deteriorating infrastructure, and a reduction in 
the quantity and quality of services. Collectively, this left the island highly vulnerable to 
the hurricanes that devasted Puerto Rico in September 2017. 

Cashman [41], among others, cites a laundry list of governance strengths and weak-
nesses, as well as opportunities for betterment, in the Caribbean water sector; the findings 
can be applied the other WEF components too. On the negative side of the ledger, the 
region has both aging infrastructure and an aging population. The water sector is under-
funded, data is sparse, economic growth is low, and costs of adapting to climate change 
are high. On the positive side, living standards are rising, the political economy is more 
stable than in the past, and there is regional consensus that more must be done to combat 
climate change [41]. Finally, lingering in the past is the continued involvement of the 
United States in the region. The US has been a malevolent force at times but has the po-
tential to provide largess to address all aspects of the WEF nexus. Indeed, Washington can 
provide high levels of assistance from the public and private sectors to respond to or pre-
pare for crisis. 

As with the physical environment, there is great diversity in the history of govern-
ance among Caribbean SIDS. Clearly, the historical context of each island has had a pro-
found impact on the capacity and performance of governance to manage the WEF nexus. 
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Individual sectors of the nexus are usually the mandate of separate government depart-
ments, and policymakers do not understand how multiple issues derive from one envi-
ronmental driver [19,55]. There is a critical need to develop robust monitoring and report-
ing systems for the Caribbean SIDS that are capable of recognizing the individuality of 
each island as well as being able to implement adaptive management approaches, espe-
cially cost-effective nature-based solutions, to meet imbalances in the WEF nexus before 
tipping points are reached, beyond which sustainability will collapse [9,23,56]. The land 
areas of most SIDS are so small and resources so limited that there is no room for trial and 
error in management. 

The message is clear for Puerto Rico [42] and the current assessment of Caribbean 
SIDS that both environment and human communities are resilient while infrastructure 
and governance are not. Governments are either unwilling to change or lack robust, reli-
able data to make decisions. Communities are willing to step up to meet climate chal-
lenges but need information and analytical tools. The private sector must play a greater 
role in ensuring SIDS nexus sustainability. Local economies are evolving from agriculture-
based economies to international tourism. For the latter to be economically sustainable, 
the private sector must work with governments to reduce pressure on limited local re-
sources, reduce dependence on the importation of fuel, food, and, often, water, while in-
creasing environmental services to local populations. 

4. Conclusions 
Small island developing states (SIDS) have several factors that hinder their long-term 

sustainability, including small size, extensive low topography, limited resources, expand-
ing populations, and vulnerability to natural disasters and climate change. Current and 
long-term (2050) sustainability of 10 of 16 Caribbean SIDS with the best databases, alt-
hough still inadequate, was assessed within the framework of the water, energy, food 
(WEF) nexus. Each WEF sector was analyzed for several sustainability indicators and av-
eraged to estimate current sustainability; then, an overall WEF sustainability classification 
was developed, whereby each SIDS had to be sustainable in two of three sectors to be 
sustainable overall. All 16 SIDS failed the food sector, five failed water, and four failed 
energy. Only three SIDS were considered sustainable in 2020: Bahamas, Dominica, and 
Trinidad and Tobago. 

Water security was estimated for 2050 based on projections for climate-change-re-
lated precipitation and population growth. All but the largest two SIDS (Jamaica, Trinidad 
and Tobago) are expected to fail the water sector by 2050. There is no evidence that any of 
the SIDS will become sustainable for the food sector, but switching to alternative energy 
sources, especially solar and decentralized power grids, shows great potential for energy 
sustainability for many. Still, all SIDS will fail in at least two sectors and be classified as 
unsustainable by 2050. 

Water is the most important sector of the WEF nexus for the Caribbean SIDS and the 
most susceptible to population demographics and climate change. Climate change has 
already begun to affect Caribbean SIDS, with the eastern Caribbean experiencing a record-
breaking drought in 2020 [57]. 

The Bahamas was sustainable for the water sector in 2020, but with the highest pop-
ulation growth rate, over double the SIDS average, it is projected to fail in the water sector 
by 2050. Like many of the other SIDS, the population growth of the Bahamas is likely 
greatly affected by the influx of expatriates for second homes and retirement properties, 
especially during the dry season when water resources are most stressed. The recent shift 
from subsistence and export agriculture to tourist-based economies throughout the Car-
ibbean, especially in the Bahamas, has increased infrastructure demands and pressure on 
the WEF nexus, associated with high numbers of land-based and tourist ship visitors. 

Currently, tourism is considered a net extractor of water resources [58] and a progen-
itor to development that leads to overall stressed natural environments in SIDS [59]. Water 
demand by tourism in the Caribbean was approximately one-third that of domestic use, 
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and tourists in Barbados consumed four times as much water per capita as residents [47]. 
It was also noted that resorts were not paying their fair share for their domestic water use, 
and tourist wastewater and solid waste production were straining local infrastructure. 
With reliance on intact ecosystems, sustainable tourism centered around agritourism and 
ecotourism has become an increasingly popular tourist travel objective [60] and has great 
potential to add to local economies while conserving valuable natural resources and eco-
systems [61]. 

Apparent disagreements in our data analyses for water and agriculture raise some 
troubling issues. In 2020, water use was less than 15% of available resources for seven 
SIDS, but three SIDS were considered as having absolute water scarcity; three were con-
sidered water-stressed and only four were considered water-secure. Over 90% of rural 
populations in Caribbean SIDS were listed as having access to improved water and sani-
tation, while the reality is that cesspools are the main wastewater solution in most areas. 
For agriculture, food imports for SIDS are reported at or near 100%, while available land 
for food production is not utilized. 

In an assessment of natural and human systems in Puerto Rico after Hurricane Maria, 
Crisman et al. [42] found that natural-systems (water, geology, forests) local communities 
were extremely resilient to disturbance, while governance and infrastructure were not and 
failed. Data are scarce for many parameters and often omit important factors such as sea-
sonal differences in resources and human demand. There is a general lack of long-term 
planning, disaster preparedness, and implementation of adaptive management strategies 
to balance the WEF nexus. There is an immediate need to focus on decentralized, alterna-
tive energy production and a shift from traditional engineering approaches to infrastruc-
ture to greater reliance on nature-based solutions, such as constructed wetlands, which 
are highly effective treatment options with less expense and long-term life. Finally, supply 
chains for food demands must be shortened to return to increased agricultural production 
locally, including greater emphasis on urban agriculture. 
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