
Marine Policy 146 (2022) 105311

Available online 29 September 2022
0308-597X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Shoreline protection by the world’s coral reefs: Mapping the benefits to 
people, assets, and infrastructure☆ 

Lauretta Burke a, Mark Spalding b,c,* 

a World Resources Institute, 10 G St. NE, Washington DC 20002, USA 
b The Nature Conservancy, Strada delle Tolfe, 14, Siena 53100, Italy 
c Department of Zoology, University of Cambridge, Cambridge CB2 3EJ, UK   

A R T I C L E  I N F O   

Keywords: 
Coral reef 
Shoreline Protection 
Wave attenuation 
Vulnerability 
Ecosystem services 
Valuation 

A B S T R A C T   

The important role of coral reefs in protecting people, economies and infrastructure is widely acknowledged. 
Coral reefs are highly effective at reducing wave energy and thereby diminishing the impact of both flooding and 
erosion in coastal areas. Understanding these benefits, and their spatial distribution, can play a critical role in 
driving efforts to protect or even restore coral reefs, with critical societal benefits. Simple, high-resolution models 
were used to generate a global map which suggests that 26 % of the coastline of the world’s coral reef nations 
receive some protection benefits, and that, over decadal periods some 5.3 million people and $109 billion of GDP 
are protected by coral reefs. Separate maps show the values at the shore and plot the reefs providing those values. 
Differences exist between metrics (population, GDP and night-time lights as a metric for infrastructure) raising 
the importance of considering ecosystem service values with multiple metrics, including non-monetary values. 
Patterns of protection are highly heterogeneous, however many of the most important areas are adjacent to 
highly developed shores and many of these receive little or no management attention.   

1. Introduction 

Coral reefs are widely known for their role in attenuating waves [1, 
2], a function that provides critical coastal protection to people, assets, 
and infrastructure [3–6]. One estimate suggests that reef crests alone 
dissipate an average of 86 % of the wave energy passing over them, a 
figure that rises to 97 % when reef flats are factored in [3]. Models of 
wave attenuation are already being used to estimate the benefits from 
reefs in specific locations [7,8], and powerful tools can be used to 
quickly develop such models (https://naturalcapitalproject.stanford. 
edu/software/invest) for other locations. Science-driven approaches 
are also being used to optimize solutions for coral reef restoration pro
jects [5,6]. 

With the growing risks posed by climate change, calls have increased 
to secure adaptation capacity against inevitable change, even as coun
tries are also working on mitigating greenhouse gas emissions [9]. Coral 
reefs are critical assets in adaptation, situated on the front line of coastal 
defense against the likely threat of rising seas and increasing storm in
tensity. In addition to breaking waves, they have some capacity for 
regrowth following damage; and for vertical growth, which in ideal 

circumstances may enable them to build upward at the same rate as sea 
level rise [10,11]. Climate change is, of course, also threatening the 
survival of coral reefs themselves, but their large physical structures 
should ensure some continuity of protection for some years even if the 
living structure is degraded or lost. 

Understanding the patterns of coastal protection by coral reefs and 
highlighting areas of particular importance is critical. Such efforts are 
being made in a number of local settings [for example, 12,13,14]. At the 
same time, regional or global-scale estimation of these benefits can be 
important in raising awareness, influencing policy, and in supporting 
broad-scale management and funding interventions, for example linked 
to the Sustainable Development Goals [15], the Disaster Risk Reduction 
Framework [16] and the commitments for National Adaptation Plans 
under the UNFCC [17]. Valuable work has already been conducted at 
the global scale [18], and has led to the first global estimates of the 
benefits of this protection, albeit at low spatial resolutions [4,19,20]. 

This study seeks to complement this earlier global work building a 
higher resolution map of the coastal protection provided by coral reefs 
that (a) looks at reduced flooding at the shoreline and (b) projects those 
values back out to the coral reefs themselves. While it takes a simpler 
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approach in terms of wave modeling and economic impact estimation, 
the current work targets the developing of maps at much finer resolu
tion, with maps based on a 500 m grid, enabling a first ever view of the 
likely benefits accruing to many small island states. At these improved 
resolutions, it identifies areas of key importance which might benefit 
from greater management attention and more detailed local study. 

2. Methods 

Risk arises from a combination of hazard, exposure, and vulnera
bility (Fig. 1):  

• Hazard: The probability of potentially damaging phenomena, such 
as a storm or wave-induced flooding  

• Exposure: The people; livelihoods; infrastructure; and economic, 
social, and cultural assets that could be adversely affected by a 
hazard  

• Vulnerability: The likelihood that assets will be damaged, 
destroyed, or affected when exposed to a hazard, which natural and 
human modifiers could mitigate. 

In many models, vulnerability includes both physical and social 
factors. Our model focuses on physical vulnerability, examining the risk 
of coastal flooding to people and assets and the role of coral reefs in 
reducing vulnerability and mitigating that risk. Social and economic 
factors may also mitigate the societal costs of such flooding; this study 
does not address them. 

Datasets were selected to capture key components of hazard, expo
sure, and vulnerability, which were combined to develop metrics of risk 
for population, monetary assets, and infrastructure. Fig. 2 summarizes 
this approach, with more detailed methods in the text. 

2.1. Exposure 

Our base model of exposure uses a map of coastal areas likely to be 
flooded as a result of a combination of sea level rise, tide, and storm 
surge from CoastDEM v.2.1 [22] (www.climatecentral.org) for all coral 
reef countries and territories. This focuses on a potential flood height of 
5 m . This height has been used by other researchers [23] and provides a 
proxy for potential short-term high-intensity impacts (e.g., through a 
combination of storm surge, wave setup and interannual oceanographic 
phenomena). Global models show extreme sea level events of 5 m and 
greater for 100 year storm events to be relatively widespread, and that 
these are likely to increase considerably with sea level rise [24]. Other 
researchers have opted for even greater potential flood heights, of 10 m 
[20]. Our choice of the lower 5 m limit is more realistic, while also 
providing a pointer toward future risk from rising sea level and 
increasing erosion. To capture the risk of storm damage and erosion on 
higher coasts, a 500-m coastal strip for all coasts irrespective of eleva
tion was incorporated.1 The area of investigation was limited to a 
maximum inland extent of 5 km, though most coastal areas have much 
narrower low-lying belts. 

Within these areas, three metrics of exposure were developed:  

• Population: The populations in coastal areas were derived from 
WorldPop 2020, which provides population data over a 30′′ grid 
(approximately 1-km at the equator) for 2020.  

• GDP: Data on GDP in purchasing power parity (GDP–PPP) for 2019 
are from Aalto University, in Finland, at the same resolution as 
population [25]. These data are used as an indicator of the monetary 

value of goods and services provided within an area, adjusted for the 
relative price of goods in that area.  

• Nightime lights (NTL): Data on NTL are from the 2016 NASA Earth 
at Night Map. Light intensity is measured on a scale of 0–255, at a 
resolution of 15′′ (approximately 500 m at the equator). NTL data are 
correlated with GDP, carbon dioxide emissions, and electricity con
sumption [26], which makes them a useful proxy for the relative 
value of infrastructure, including areas where they may be limited 
resident population, such as roads, ports, and airports. They can also 
capture areas of high value (such as hotel zones) where resident 
populations may be relatively small. 

The three metrics are correlated, but each has some distinctive fea
tures. At the grid-cell level in low, exposed areas, population and GDP- 
PPP are relatively closely correlated (correlation coefficient = 0.62). 
This result is to be expected given the strong spatial relationship be
tween people and GDP.2 The correlation between infrastructure (as 
measured by NTL) and both population and GDP-PPP is much lower 
(correlation coefficient = 0.34 in both pairings), as infrastructure often 
exists in areas of low population density. In the analyses that follow, 
values from each of these three measures of exposure were assigned to 
the closest 500-m coastal grid cell using the Euclidean Allocation tool in 
ArcGIS. 

2.2. Hazard 

Coral reefs are highly effective at attenuating wave energy. This 
function can be critical in avoiding human impacts, especially during 
storm events. A model of these hazards was built using the wind and 
wave indicators from InVEST, reported at roughly 1-km intervals along 
the world’s coasts [20,27]. These data are derived from peak (top 10 %) 
historic wind and wave records over the period 1997–2007. These peak 
records are converted to simple scores of wind and wave intensity: based 
on the size of these two hazards, using quintiles of the global records, 
with each hazard scored across a range of 1–5. 

Coastal grid cells were assigned the wind and wave values (summed 
to give scores from 2 to 10) of the nearest InVEST data points.3 The result 
is a relative metric giving an indication of the likely hazard from wind 
and waves for any coastal point, an indicator of the threat which may be 
posed by erosion and flooding during extreme conditions in any place. 

Storm surges, which are a major hazard in many coral reef areas, are 
only indirectly moderated by coral reefs – reefs have little or no direct 
influence on the surges themselves, however by reducing wave energy 
during storm events, reefs can still reduce the overall impacts of this 
hazard [28]. Likewise with sea level rise, reefs cannot act as a direct 
barrier, however healthy reefs can accrete vertically enabling them to 
“keep up” with some level of sea level rise, while the depositional pro
cesses, often driven by storm events can equally play a critical role in 
maintaining coastalines and islands and allowing their continued ver
tical growth [10,29]. 

1 Incorporating the 500-m coastal strip expanded the area identified as low 
exposed coastal area by 12 % compared with the original data from Climate 
Central. 

2 The spatial correlation between each pair of the three asset types in low 
exposed areas was calculated in ArcMap using Band Collect Statistics, to pro
vide a measure of dependency between the layers. The correlation is the ratio of 
the covariance between the two layers divided by the product of their standard 
deviations. See https://desktop.arcgis.com/en/arcmap/10.3/tools/spatial- 
analyst-toolbox/how-band-collection-statistics-works.htm.  

3 The wind and wave hazard index points are spaced at approximately 1 km. 
Coastal cells were assigned the value of the closest point based – either the 
nearest point within 1.5 km (if there is one), otherwise 2.5 km or 10 km. If the 
coastal cell still did not have a value, it was assigned the global average value of 
6. 
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2.3. Vulnerability 

Vulnerability can be thought of as the inverse of a population’s 
ability to avoid or mitigate risk. Both socioeconomic and natural factors 
affect a population’s vulnerability. This analysis focuses solely on the 
role coral reefs play in reducing vulnerability. 

Although reefs are highly effective at attenuating waves, their effect 
is most powerful over short distances, particularly during storm events, 
when wind-driven processes can enable the reformation of waves over 
relatively short distances. To account for this diminishing level of pro
tection with increasing distance between the reef and shore, three tiers 
of protective capacity were assigned to coastal grid cells:  

• within 500 m of a coral reef (high protection)  
• within 2 km of a coral reef (medium protection)  
• behind a barrier reef (low protection)  
• none of the above (no protection) 

The 2-km distance represents the “maximum effect distance” for 
coral reefs used by InVest [20]. Our decision to include barrier reefs was 
based on observations that barrier reefs have important effects, notably 
on large oceanic waves. Although wind-driven waves build up in the 
lagoons behind barrier reefs, they rarely reach the heights of the oceanic 
waves that break on the outer edges of barrier reefs [30,31]. 

Our coral reef layer was the 500-m gridded layer used in [32], built 
largely from a globally consistent, satellite-derived map. For barrier 
reefs, a polygon dataset reflecting some 30 barrier reefs was developed, 
informed largely by [33]. The larger barrier reefs were subdivided in 
order to constrain their influence to relevant shoreline sectors, giving a 
total of 83 barrier reef units. 

The architecture and porosity of any reef system will affect the de
gree of wave attenuation. For this work, the coastal protection provided 
by nearshore reefs were adjusted to account for the density of coral reefs 
nearby (the number of 500-m resolution reef grid cells within 2 km of 

the coastal cell). 
Relative scores of coastal protection value by reefs were applied to 

coastal cells in the following manner. Initial coastal protection scores 
were assigned to coastal cells based on reef proximity, with relative 
scores of 100 where there were reefs within 500 m, 50 where reefs were 
within 2 km, and 25 for coastal cells within the influence of a barrier 
reefs. These relative scores were then modified as follows:  

• High protection: Coasts within 500 m of a reef were given a base 
value of 100, but this number was adjusted up or down by up to 50 % 
depending on the density of the adjacent reef (number of 500 m 
resolution reef grid cells within 2 km of the coastal cell). (See Ap
pendix A for details.)  

• Medium protection: Coasts with reefs that were 500–2000 m away 
were given a base value of 50, but this number was adjusted up or 
down by up to 50 % depending on the density of the adjacent reef.  

• Low protection: Coasts with no local protection (ie. no reefs <
2 km), which lay behind barrier reefs, were given a fixed value of 25. 

The resulting “relative protection index” ranges from 0 (unprotected) 
to 150 (highest protection). 

2.4. Evaluating risk: integrating exposed assets, hazards, and 
vulnerability 

To assess risk, the values for exposure, hazards, and vulnerability 
were combined for each of the three metrics of potential human impact: 
population, GDP, and infrastructure (as measured by NTL). The expo
sure metrics, which represent the maximum possible values that could 
be affected, were first reduced based on the degree of likely hazard in
tensity. The combined wind-wave scores were converted to percentages. 
The lowest possible score is 2 (20 % at risk); the highest possible score is 
10, implying that 100 % of the population and all exposed assets would 
be at risk. Given that the source data were based on the highest wind and 

Fig. 1. Components of risk: Hazard, exposure, and vulnerability (based on the risk framework diagrams devised by the Intergovernmental Panel on Climate Change 
[21]). Factors in bold are used in the model. 
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wave metrics over a 10-year period, our estimates of risk and risk 
reduction are relevant over a similar, decadal, timeframe. 

In the next step, the presence of coral reefs were incorporated to 
generate final risk scores. The relative protection index was rescaled to 
range from 0 to 75 and applied as a percentage reduction in the hazard- 
adjusted exposure. This seems a conservative adjustment, given evi
dence that reefs can attenuate up to 97 % of wave energy [1,3]. These 
modifiers reduce the vulnerability of all coasts near reefs by between 
12.5 % (barrier reefs) and 75 % (for coral reefs within 500 m and a high 

density of coral within 2 km). 
The resulting values represent the risk reduction provided by coral 

reefs – in terms flood damages avoided over a decade. These “avoided 
damages” were estimated for coastal cells in terms of population, GDP 
and infrastructure. 

Alongside the direct calculation of value was linked to the coastline, 
mapping of the reefs providing this value is also important, as these are 
the natural assets which need to be managed in order to support or even 
to enhance these critical functions. Hence, the final results at the coast 

Fig. 2. Summary of methodology for assessing shoreline protection. Blue filled boxes indicate interim products (green frame) or key final outputs (black frame, 
Outputs 7 and 8). Green boxes indicate analytical processes. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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were also reprojected out to the coral reefs, weighting the distribution 
by both distance from shore and reef density. For this stage, the findings 
are presented as relative scores (1− 10) rather than absolute values (see 
Appendix A for details on the method). 

In the last stage of this work, the coastal protection benefits of coral 
reefs were spatially compared to coral reef conservation efforts repre
sented by protected areas. Marine Protected Areas (MPAs) are the only 
globally mapped management intervention, but they are also the most 

Fig. 3. Coral reef protection against global flood risk to people, GDP, and infrastructure (per decade). (Data groupings represent geometric intervals, rounded for 
clarification.) A higher resolution version of this map is provided in Appendix A. 
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widely used means to try to safeguard coral reefs. For this work, our map 
of reefs protecting assets (scores of 1–10) were overlaid and intersected 
with a dissolved layer of all categories of extant protected areas, 
regardless of category [34]. 

3. Results 

Over 120 countries and territories in the world have coral reefs. In 
these countries, coral reefs provide some protection to 26 % of the 
coastline—a total of more than 230,000 km of coastline (See Appendix A 
for information on coastline sources). Less than half of these protected 
coastlines have human populations or assets. Nevertheless, coral reefs 
provided protection from decadal flooding for some 5.3 million people 
and US$109 billion equivalent of GDP-PPP. Global summary maps are 
presented in Fig. 3. 

The distribution of these benefits is highly heterogeneous. Fig. 4 
provides examples in greater detail, illustrating the coastal protection 
reefs provide to people, GDP, and infrastructure for sites in Asia and the 
Caribbean. In this figure the maps show these values as relative scores, 
projected to the reefs themselves. 

The vast majority of protection in our model comes from nearby 
fringing reefs, particularly areas of high nearshore reef density. Barrier 
reefs add only marginal protection, primarily in just a few countries 
(notably Belize, Cuba, the Philippines, and Palau). This finding is ex
pected, given the threat from wind-driven waves that can re-form 
behind such barriers. In the model, fringing reefs provide protection 
to 99 % of people and 98.5 % of GDP, whereas barrier reefs help protect 
just 1 % (60,000 people) and 1.5 % of GDP. 

3.1. Protecting people 

Table 1 presents the findings by region. More than 200 million 
people live in the almost 2.9 million square kilometers (km2) of low- 
lying and potentially exposed coastal lands in the coral reef countries 
of the world (about 4 % of the population of those countries). Only a 
small proportion live close to coral reefs. Our models suggest that 15.4 
million people world-wide are at risk from storm and sea level rise 
threats in areas receiving some protection from coral reefs. About 5.3 
million of these people (35 %) are likely to benefit from flooding and 
damage protection by coral reefs over a 10-year period. They are 
distributed along almost 100,000 km of populated coastlines. There is 
considerable spatial variability in the level of risk reduction: on average, 
coral reefs protect 55 people per km of populated coast, but about 10 % 
of these coasts protect more than 100 people per km and there are about 
nearly 600 km of coasts where reefs protect more than 1000 people per 
km. These highest-value reefs are located alongside urban shores and are 
widely distributed in every coral reef region of the world (see Fig. 3). 

Regional patterns show considerable variation. On average, coral 
reefs protect nearly 35 % of hazard-exposed people living along coasts in 
coral reef countries, but the figure is just 22 % in Australia, rising to 41 
% in the Pacific. 

National statistics further highlight this variability (see Table 3). 
Many of the world’s poorest coastal countries and small islands states 
are major beneficiaries, with more than 1.7 million people in the 
Philippines alone benefitting from protection by coral reefs. 

3.2. Protecting GDP and infrastructure 

The patterns emerging for GDP and infrastructure are broadly 
similar, although with some important differences. Globally, more than 
$305 billion of GDP-PPP assets are located in low-lying areas directly 
adjacent to coral reefs; more than a third of these assets ($109 billion) 
receive direct protection from decadal-scale flooding events thanks to 
their proximity to coral reefs (Table 2). In almost all regions, coral reefs 
reduce flooding damage by more than 34 % of hazard-adjusted GDP-PPP 
(ranging from 24 % in Australia to 47 % in the Pacific). In many low- 

lying island areas, such as the Maldives, French Polynesia, the Feder
ated States of Micronesia, and Hawaii, coral reefs reduce the risk of 
hazard-adjusted GDP-PPP by more than half (Table 3). 

NTL data provide a more direct indicator for infrastructure values. 
Units of brightness are best portrayed as relative indicators. The pres
ence of coral reefs protects more than a third of the coastal infrastructure 
at risk from storm and sea level rise from decadal damage. The patterns 
are similar to those for protection of people and GDP, but again with 
some important differences. Many high-intensity NTL areas are far away 
from dense populations. They include industrial areas (e.g., the northern 
Persian Gulf) and some tourist areas (e.g. the north coast of Jamaica and 
Mexico’s Yucatan Peninsula), where resident population density may be 
low but infrastructure, in the form of beachfront accommodation, may 
nevertheless by valuable. 

3.3. Redistributing values to reefs 

The statistics presented above indicate values linked to the coastline 
where such values are felt by coastal communities, but they do not 
directly indicate which reefs may be providing those values. Under
standing the contribution of particular reefs to those values provides an 
alternative view, which may be critical for managers, while also 
providing a framework for placing these values alongside other 
ecosystem service values such as fisheries benefits. For this reason the 
actual values linked to reefs, presented on a relative scale of 1–10, are 
also provided. The coastal and reef-based maps are similar, although the 
reef maps show how values depend on the distribution and density of the 
reef. 

Fig. 5 illustrates the importance of the barrier reef for the western 
margins of South Sulawesi, Indonesia, where the barrier reef of the 
Spermonde Archipelago provides protection to coastal populations 
around the town of Makassar and adjacent areas. By contrast, the role of 
the barrier reef on the nearby eastern shore of South Sulawesi is negli
gible, as extensive nearshore reefs provide more effective protection. 
(Appendix A provides additional maps of coastal protection values 
shifted to the reefs providing the protection.). 

3.4. Managing reefs 

Some 42 % of coral reefs are located in some form of marine pro
tected area (MPA)—a larger share than for most marine habitats [34]. Of 
coral reefs protecting people, GDP, or infrastructure, 36–39 % of reefs 
are in MPAs. However such statistics are dominated by those reefs of
fering relatively low levels of protection. Only 18–20 % of fringing 
reefs—which offer the greatest protection—are located in MPAs, and 
even fewer of the coral reefs in the top decile of protection value. 
Globally, only 15 % of the most important reefs for protecting popula
tion are in MPAs, and only 17 % of those protecting GDP or infra
structure are in MPAs, suggesting that a considerable focus of 
conservation attention is on more remote coral reefs which do not 
provide coastal protection benefits. Table 4 provides a regional break
down of these figures. 

4. Discussion and conclusions 

Previous studies highlight the importance coral reefs in protecting 
human life and infrastructure [3,4,7]. This study uses simple models 
with high-resolution data to estimate the distribution of the value of 
coral reefs. It provides maps that can be viewed and reviewed in the 
context of national settings and planning, even for relatively small island 
states and territories. 

In line with previous studies, our results show that reefs are 
providing critical coastal protection in almost every country in which 
they exist. The results also show the very high spatial variability in the 
level of protection. Reefs protect people along almost 100,000 km of 
coastline, but the reefs protecting the most people are very narrowly 
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Fig. 4. Coral reef protection against flood risk to people, GDP, and infrastructure per decade in the central Philippines and Greater Antilles.  
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distributed. More than 1 million people are estimated to be protected by 
reefs along just 600 km of coastline. 

Not surprisingly, all of the maps and models show close correlation 
between risk-reduction values of reefs and the degree of coastal devel
opment, however, the three broad metrics used reveal different aspects 

of these values. GDP-PPP is a simple, monetized value, strongly influ
enced by national wealth. It consequently shows a concentration of 
value in countries with higher GDP. By contrast, coral reefs play a 
particularly important role in protecting people in all heavily populated 
coastal areas, but many poorer countries stand out, especially on the 

Table 1 
Protection provided by coral reefs in low-lying areas, by region.    

Population 2020 (thousands) Avoided flood damage over 10 years 

Region Coral reef 
area (km2) 

Exposed population in 
low-lying coastal areas 

Population in hazard- 
adjusted, low-lying coastal 
areas near reefsa 

Population avoiding 
flooding (thousands)b 

Percent of total coastal 
population avoiding 
flooding 

Percent of hazard-adjusted 
population near reefs 
avoiding flooding 

Americas 26,607 36,055 2763 833  2.3  30.2 
Australia 42,315 1627 54 12  0.7  21.6 
East and 

Southeast 
Asia 

72,652 103,541 7227 2558  2.5  35.4 

Indian Ocean 27,864 42,086 2839 1002  2.4  35.3 
Middle East 14,249 11,704 1528 547  4.7  35.8 
Pacific 65,979 9939 964 395  4.0  41.0 
Total 249,666 204,951 15,375 5348  2.6  34.8  

Table 2 
Protection of GDP and infrastructure provided by coral reefs in coastal areas, by region.   

GDP-PPP 2019 ($ billions) Flooding damage avoided as a result of coral reefs 

Region Exposed GDP in low- 
lying coastal areas 

Hazard-adjusted exposed GDP in low- 
lying coastal areas near coral reefs 

GDP-PPP 
saved by 
avoiding 
flooding 
($ 
billions 
over 10 
years) 

Percentage of GDP-PPP loss 
avoided in low-lying coastal areas 

Percentage of GDP-PPP loss avoided in 
hazard-adjusted areas near coral reefs 

Americas 1439.0 77.2 27.2 1.9 35.2 
Australia 118.9 4.1 1.0 0.8 24.3 
East and 

Southeast 
Asia 

3165.0 89.7 32.0 1.0 35.7 

Indian Ocean 485.1 32.7 11.2 2.3 34.2 
Middle East 519.5 78.7 26.9 5.2 34.2 
Pacific 136.3 23.0 10.8 7.9 46.9 
Total 5863.8 305.5 109.0 1.9 35.7  

Table 3 
Protection of people, GDP, and infrastructure provided by coral reefs over a 10-year period, for the 15 jurisdictions with largest coral reef areas.  

Country/ 
territory 

Coral reef 
area 
(km2) 

Thousands of 
people avoiding 
flooding 

Percent of hazard- 
adjusted exposed 
population avoiding 
flooding 

Millions of dollars 
protected from 
flooding 

Percent of hazard- 
adjusted exposed 
GDP protected from 
flooding 

Relative units of 
infrastructure 
protected from 
flooding 

Percent of hazard- 
adjusted exposed 
infrastructure protected 
from flooding 

Australia 41,832 11,011 21 1,006,227 24 80,807 22 
Indonesia 39,781 605,714 30 9,115,578 30 360,408 32 
Philippines 24,505 1,718,923 38 14,610,046 38 224,570 37 
Papua New 

Guinea 
14,592 27,381 36 190,197 40 73,254 38 

New 
Caledonia 

7450 9936 18 573,332 20 23,824 25 

Solomon 
Islands 

6748 34,710 39 135,109 44 54,515 41 

Fiji 6570 22,505 33 532,735 35 30,042 38 
French 

Polynesia 
5981 27,183 53 767,502 56 55,927 53 

Maldives 5281 174,850 55 3,672,246 55 33,905 60 
Saudi Arabia 5281 205,374 39 13,393,894 39 381,362 36 
Cuba 4931 62,390 26 1,437,647 28 87,413 22 
Micronesia 4925 21,853 64 90,349 66 17,851 61 
Bahamas 4081 26,560 31 1,405,337 32 93,565 36 
Madagascar 3934 81,557 43 175,361 42 49,244 39 
United States 

(Hawaii) 
3834 70,343 58 6,792,913 57 56,405 51  
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islands of Southeast Asia, East Africa and much of the Pacific. NTL 
appear to show a different pattern, with a far more heterogeneous 
spread, with patches of high values often directly adjacent to lower- 
value areas, probably capturing the intense light emissions from 
urban, industrial, and even tourism centers, which, particularly in 
poorer countries, are somewhat isolated from one another (NTL values 
are far more continuous in some wealthier settings, such as the Middle 
East and southern Florida). 

Such differences can be best illustrated by example. Madagascar and 
the US state of Hawaii have similar coral reef extent and a similar size 
population protected by reefs. However, the spared GDP is nearly 40 
times greater in Hawaii than in Madagascar (see Table 3). Such figures 
underline the importance of considering value across a variety of 

metrics. In Madagascar, the low monetary value of coral reefs for coastal 
protection greatly underestimates their importance to people. 

The shortfall in conservation management of key protective reefs is 
notable, because conservation efforts frequently target remote and un
disturbed biodiversity [35] or governments avoid management chal
lenges by targeting conservation efforts on largely unutilized remote 
reefs [36]. By contrast, the very proximity to people of many of the reefs 
highlighted in this model means that they may have already been 
affected by local pressures [32]. They may be overlooked for conser
vation attention because of their already degraded state, creating a vi
cious circle in which ongoing failure to manage leads to continuing 
pressures and further degradation. Reefs degraded by local impacts may 
also have less resilience to larger-scale challenges, such as climate 

Fig. 5. Protection against flooding damage by fringing and barrier reefs in South Sulawesi, Indonesia. A – the levels of protection provided by reefs, shown at the 
coast, and indicating the quite high levels of protection, notably in more densely populated areas. B – The same values projected out to the reefs that provide them – 
while barrier reefs are found on both eastern and western shores, the lack of extensive nearshore fringing reefs in the west greatly increases the importance of the role 
of the offshore barrier reef in protecting people. 

Table 4 
Proportion of coral reefs in MPAs, and proportion of coral reef protected people and assets contained within marine protected areas (MPAs).    

People GDP-PPP Infrastructure 

Region Percentage of 
all reefs in 
MPAs 

Percentage of reefs 
providing 
protection to 
people in MPAs 

Percentage of top 
decile of reefs 
protecting people 
in MPAs 

Percentage of reefs 
providing 
protection to GDP- 
PPP in MPAs 

Percentage of top 
decile of reefs 
protecting GDP-PPP 
in MPAs 

Percentage of reefs 
providing protection to 
Infrastructure in MPAs 

Percentage of top 
decile of reefs 
protecting 
infrastructure in MPAs 

Americas 43.1 31.9 26.7 30.2 27.1 32.2 27.5 
Australia 86.3 99.3 n.a. 95.9 n.a. 91.1 37.7 
East and 

Southeast 
Asia 

28.1 17.5 11.8 21.0 16.3 19.4 20.7 

Indian 
Ocean 

39.6 17.2 19.8 18.5 11.1 15.3 10.0 

Middle East 18.9 8.5 2.5 14.0 5.7 14.3 7.3 
Pacific 24.8 20.7 12.3 20.5 28.4 20.3 11.9 
Total 42.2 35.7 15.0 35.6 17.3 39.0 16.5 

Note: n.a. Not available – Australia does not have any reefs in the top decile for protection of people or GDP. 
Further results from this work, including maps and tables, can be seen in Appendix A. In addition, the data will be made available to be explored and downloaded from 
www.resourcewatch.org and https://oceanwealth.org/ 
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change [37], which could lead to progressive degradation in reef con
dition following extreme events, with eventual loss of the reef [38]. 

National commitments under international conventions regularly 
draw attention to the need to protect ecosystem services alongside 
biodiversity [39]. One way to break out of the cycle of degradation of 
protective reefs could simply be to target management efforts at some 
overlooked but high-value reefs. Protected areas may form part of this 
management response, but they may not be sufficient; other manage
ment interventions may be needed to prevent ex situ threats such as 
sedimentation and pollution [40]. Restoration of damaged reefs may 
also be an option in some locations to enable a more rapid recovery of 
coastal protection benefits [5,41]. 

Climate change is already affecting many coral reefs. Heat-induced 
coral death and subsequent erosion, exacerbated by sea level rise and 
changes in storm intensity, may reduce their wave protection function 
[42,43]. Set against these concerns, many healthy reefs may be able to 
“keep up” with most predicted rates of sea level rise and recover rela
tively quickly after storm events [44]. Furthermore, the physical struc
ture of reefs can remain largely intact for some years after die-off events. 
Although the picture of resilience and recovery is complex, there is 
growing evidence that many reefs have a considerable capacity to 
recover from coral die-offs where local threats such as pollution and 
overfishing are managed and reduced [45,46]. There is also good evi
dence that recovering corals are slightly better adapted to heat and thus 
better able to survive future heating events [46,47]. 

Unchecked global warming will have dire consequences for coastal 
protection. But good management may buy time. Meanwhile, drawing 
attention to the clear and irreplaceable value of reefs in protecting 
millions of people, billions of dollars of GDP, and vital coastal infra
structure can add to the powerful arguments for better management and 
the urgent need to radically reduce greenhouse gas emissions in the 
shortest possible timeframe. 

Our work provides a model at high resolution for the world’s coasts. 
Its simple approach contrasts with the more process-based global 
flooding model of Beck et al. [4]. In that model, reduced resolution 
prevents the assessment of fine-scale patterns of human use and occu
pancy, leaving many island coasts, including some small island coun
tries, unquantified. Looking broadly, the two global approaches show 
some correlation, especially for people protected (using national sta
tistics, Pearson’s r (119) = 0.78, p < 0.001). The overall numbers are 
very different, however. Our outputs, signifying decadal values, reveal 
annual protection values that are on average 20 times those of Beck et al. 
(i.e., approximately twice as high annually). Some of the same authors of 
the Beck et al. study recently published a high-resolution study for the 
coasts of the United States and its territories [48] that shows consider
ably higher values, much closer to our own, with a high correlation 
(Pearson’s r (5) = 0.88, p < 0.05). 

The results presented here are from models. However, they draw 
attention to important values and locations where such values are 
concentrated. The transparent nature of our models will enable potential 
users to better understand the values presented and to interpret the 
findings in relation to local knowledge. 

One of the key input layers on which many of our findings depend is 
the global map of coral reefs. Our base map of reefs was derived largely 
from a globally consistent map of shallow structural reefs [32], gridded 
to a 500-m cell size. The use of a different base map would greatly affect 
the maps and value estimates. The source chosen is in keeping with the 
purpose of the analysis - it focuses on shallow structural coral reefs, 
which are considered most important in coastal protection. 

Future work in this area might benefit from refinements to the input 
layers. It would also be valuable to explore models and approaches that 
look at the impacts of potential change arising through both loss and 
recovery of reefs under different scenarios. 

Our models provide a baseline against which researchers can better 
understand one of the core values of coral reefs: coastal protection. The 
clear differences among the three metrics used in this study—the effects 

on people, GDP, and infrastructure—point to the risk of relying on a 
single metric, particularly monetary value. They also present an 
approach in which multiple values, including biodiversity [49,50], can 
be placed alongside other human-centered values [51] to build a holistic 
and comprehensive base for planning and decision-making in the 
world’s coral reef countries. 

CRediT authorship contribution statement 

Lauretta Burke: Conceptualisation, Methodology, Formal analysis, 
Writing – original draft, Visualization. Mark Spalding: Conceptualisa
tion, Methodology, Writing – original draft, Visualization. 

Acknowledgements 

Peter Kerins (WRI), Rachel Thoms (WRI), and Kate Longley-Wood 
(TNC) provided technical input on data and modeling. Katie Arkema 
and Becky Chaplin-Kramer (Stanford/Natural Capital Project) gener
ously shared data and advice on shoreline modeling. Kristian Teleki 
(WRI) encouraged the analysis and Charlotte Schep gracefully managed 
finances. Katie Wood facilitated graphics and Barbara Karni edited the 
report. Support for this analysis was provided by the United Nations 
Environment Programme (UNEP) uner a Global Environment Facility 
(GEF) grant (GEF Project ID 10424). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.marpol.2022.105311. 

References 

[1] J. Madin, K. Black, S. Connolly, Scaling water motion on coral reefs: from regional 
to organismal scales, Coral Reefs 25 (4) (2006) 635–644, https://doi.org/10.1007/ 
s00338-006-0137-2. 

[2] A.R. de Alegria-Arzaburu, I. Mariño-Tapia, C. Enriquez, R. Silva-Casarín, 
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