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ABSTRACT  8 
 9 
Small Island Developing States are considered as one of most severely affected by climate change 
and sea-level rise. Some atoll nations would virtually disappear with a sea-level rise of one metre. The 
objective is to derive a first-cut classification of coastal protection technology for the Small Island 
Developing States to address sea-level rise. First, an assessment is made of the existing and future 
adaptation measures to sea-level rise in the latest 35 English-language National Communications 
submitted by the Small Island Developing States to the UNFCCC. Next, a wide variety of adaptation 
measures is culled from key coastal engineering manuals and other sources with a focus on more 
innovative tools and ideas beyond the traditional hard and soft measures. This yielded several 
possible adaptation tools that could be used by the Small Island Developing States, and with further 
research, more tools could be applied. In conclusion, a first-cut classification of coastal protection 
technology is proposed for the Small Island Developing States to address sea-level rise. The resulting 
table shows eight categories graded from the usual hard and soft measures to new and innovative 
ideas. 
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1. INTRODUCTION  14 
 15 
Small Island Developing States (SIDS) are considered as one of most severely affected by climate 16 
change and sea-level rise (SLR) [1, 2, 3]. The coral islands and atolls are some of the most 17 
threatened coastal systems (Maldives, Marshall Islands, Vanuatu). Guyana with its coastal area about 18 
1.4 m below Mean High Tide (MHT) is extraordinarily vulnerable to SLR and storm surges. 19 
 20 
Already the atolls are inundated by extreme spring tides and during storm events (Fiji, Kiribati, 21 
Marshall Islands, Palau). Extreme high tides as a preliminary indicator of SLR was first established in 22 
Singapore [4]. For the Maldives, the Indian Ocean tsunami of 2004 was a snap-shot of the slow onset 23 
of SLR.  24 
 25 
In terms of its basics, SLR can be considered as a water level relative to the height of land (vertically, 26 
elevation and spatially, topography). What is critical is the height of the land relative to a water level, 27 
in which several incremental components that contribute to coastal flooding are spring high tide, 28 
storm surge allowance, relative (local) SLR allowance, wave run-up, and overtopping [5]. From the 29 
perspective of a barrier against a rising water level, it is the continued reduction of the freeboard that 30 
eventually leads to flooding.  31 
 32 
Ideally, adaptation to SLR should be considered over time and space. SLR is obviously long term and 33 
best viewed as “grow with SLR” compared with other options in the short and medium terms [6]. 34 
Spatially, SLR should focus on a more “morphodynamic approach” [7] including island morphology 35 
and processes. SLR is not just about water level above elevation but should include morphology or 36 
spatial aspects that could be critical for small islands [7]. In particular, local place-based analysis of 37 
the coastal biophysical and social ecological systems is of critical importance [8]. Dunes, berms, and 38 
offshore bars [9] and natural shore protection structures and biotic protection [10] can be considered. 39 
Furthermore, numerous faros and large amount of available fill on islands, such as in the Maldives, 40 
are available for new island construction or island raising [11]. 41 
 42 



Adaptation to SLR encompasses a wide range of measures from assessment of vulnerability, 43 
monitoring, planning, policy, capacity building, land-use planning, building codes, communication and 44 
information, and actual coastal protection measures on the ground. The Intergovernmental Panel on 45 
Climate Change (IPCC) provides three strategies of adaptation - retreat, accommodation, and 46 
protection [12]. The three categories of adaptation are considered as planned adaptation to 47 
distinguish from autonomous adaptation where natural coastal ecosystems have a capacity to 48 
respond autonomously to climate change and can cope with SLR [13]. Ecosystem-based adaptation 49 
(EBA) is considered as no regret or low regret measures and promoted because of its cost-50 
effectiveness [2]. 51 
 52 
This paper is concerned with coastal protection measures as defined in two groups of coastal 53 
protection technologies: (1) those incorporated within, or required to carry out, the implementation of 54 
three main coastal adaptation options – managed retreat, accommodation or protection; (2) 55 
technologies which are new, unproven, and which have not yet reach maturity [14]. Such measures 56 
have assessed more for the Caribbean and Pacific SIDS than the AIMS (Atlantic, Indian Ocean & 57 
South China Sea region) SIDS [15, 16, 17, 18]. Assessment has been made on various options [19, 58 
20] as well as hard and soft measures [21, 22] and EBA [23, 24, 25, 26, 27]. For the SIDS coastal 59 
protection measures also have implications for their sovereignty extending much further out to sea 60 
[28].  61 
 62 
The Foresight exercise carried out by UNEP [2] to identify priority emerging environmental issues in 63 
the SIDS concluded that coastal protection measures should be based on the specific needs of the 64 
SIDS and developed using available resources, including local knowledge and traditional skills and 65 
technologies. It also concluded that coastal protection should be improved in the future. 66 
 67 
Thus, several pertinent questions need to be asked. What are the existing and future coastal 68 
protection measures used by the SIDS? Have the SIDS considered morphology or local topography 69 
adequately? Are the SIDS fully aware of the latest measures to address SLR? Is there some 70 
framework to check various measures that can be used? This paper consolidates these aspects and 71 
help policymakers in considering measures to address SLR. It can be updated with new NCs and new 72 
information on coastal protection measures. 73 
 74 
 75 
2. METHODOLOGY 76 
 77 
The methodology has several stepwise stages to provide answers to the questions raised. First, the 78 
National Communications (NCs) submitted by the SIDS to the UNFCCC were assessed for the 79 
existing and proposed protection measures addressing SLR. The NCs are prepared according to a 80 
common format and are not available for seven Caribbean SIDS (Anguilla, Aruba, British Virgin 81 
Islands, Montserrat, Netherlands Antilles, Puerto Rico, US Virgin Islands) and for five Pacific SIDS 82 
(American Samoa, French Polynesia, Guam, New Caledonia, Northern Mariana Islands). Excluding 83 
three NCs in French (Haiti, Comoros, São Tomé and Príncipe) and two in Spanish (Cuba, Dominican 84 
Republic) assessment was carried out on all remaining 35 English language NCs downloaded on 23 85 
January 2017. The assessment was supplemented by other relevant sources on coastal protection 86 
measures in the SIDS. 87 
 88 
Next, an assessment was carried out on major manuals on coastal protection and adaptation 89 
measures for various types and classifications of coastal protection measures. This was 90 
supplemented by the coastal technology databases of various agencies and a wide range of coastal 91 
protection measures available from various areas. Further inputs came from suitable coastal 92 
protection measures reported in the daily Coastal News Today [29] from January 2014 to July 2017.  93 
 94 
Both assessments include the usual hard and soft measures [9] and the “attack” approach [30] that is 95 
similar to the “expand” option [31]. EBA as a nature or nature-based tool was also considered as were 96 
new and innovative measures addressing SLR.  97 
 98 
The third stage was to establish a systematic first-cut classification of coastal protection technology to 99 
address SLR and coastal flooding in the SIDS. This serves as a reference for discussion and 100 
selection of strategies and measures and to consider relevant aspects that were previously left out. 101 
 102 



Lastly, given the assessments made and the resulting first-cut classification, additional coastal 103 
protection measures could be proposed for addressing future SLR. This takes greater consideration 104 
of topographic aspects and coastal processes of the SIDS. 105 
 106 
3. RESULTS FROM NATIONAL COMMUNICATIONS 107 
 108 
Table 1 summarized the existing and future SLR adaptation measures and options of the SIDS. Local 109 
topography and coastal ecosystems are important and indicated in sequence: island, cay, atoll, coral 110 
reef, lagoon, beach, dune, aeolian ridge, beach ridge, seagrass, mangroves, and coastal vegetation. 111 
Coral reefs prevail in nearly all the SIDS and the term includes one or more of the following: barrier, 112 
fringing, reef flat, patch, and faros (small atolls inside atolls). Cays and atolls are singled as distinct 113 
island types. Cays are small sandy islands on coral reefs. Atolls are distinguished from raised atolls or 114 
makatea islands in the Cook Islands.  115 
 116 
Three of four SIDS belonging to continents (Belize, Guyana, Suriname, Guinea-Bissau) have specific 117 
topographic features; the coastal plan is below MHT and edged by a parallel sand ridge in Guyana, 118 
extensive mud flats are in Suriname, and estuaries prevail in Guinea-Bissau. Other less common 119 
topographic features with potential to address SLR and coastal flooding include lithified dunes 120 
(Bahamas), beachrock (Marshall Islands), beach ridges (Bahamas), sand ridges (Guyana), debris 121 
ridges (Jamaica), mud banks (Suriname), and clay ridges (Suriname). 122 
 123 
Table 1. Topographic features and existing and proposed adaptation measures of 35 124 

SIDS 125 
 126 
 127 
SIDS (latest 
NC) 

Significant 
topographic 
features 
(pages) 
 

Existing 
adaptation 
measures (pages) 

Proposed
adaptation  
measures and  
options (pages) 

Comments on EBA 
and other aspects 
 

Caribbean (13 SIDS) 
 
Antigua and 
Barbuda 
(2015, 3rd) 
 

Mixed lithology 
islands, coral 
reefs, beaches, 
dunes, 
seagrasses, 
mangroves (12, 
15, 16) 
 

Coastal defences 
(18); Reef and 
mangrove 
conservation (111) 

Flood defences; 
Raising dike level 
(97); Projects 
addressing coastal 
ecosystems (107) 

Existing measures 
poorly designed; 
Scope for EBA 
(coral reefs, 
mangroves) 

Bahamas 
(2015. 2nd) 

Low islands, 
cays, coral 
reefs, beaches, 
lithified aeolian 
ridges, beach 
ridges, 
mangroves, 
coastal coppice 
(45, 47, 63, 69) 
 

Mainly seawalls 
(140) 

Seawalls (109); 
Raised dock height; 
Beach nourishment 
(152); Restore sand 
dunes, beach ridges, 
mangroves and coral 
reefs (144, 148) 

Scope for EBA 
(beach ridges) 

Barbados 
(2001, 1st) 

Non-volcanic 
island, coral 
reefs, beaches, 
dunes, 
seagrasses, 
mangroves (4, 
20, 86) 
 

Various 
engineering and 
non-engineering 
measures for beach 
protection, 
stabilization and 
enhancement (91) 

Revetments, groins, 
breakwaters; Beach 
nourishment (43); 
Beach improvement, 
dune restoration (95) 

Scope for EBA 
(dunes); Coastal 
Zone Management 
Unit 

Belize (2016, 
3rd) 

Mainland, 
islands, cays, 

Hard structures and 
beach nourishment 

Sea and river 
defence structures; 

Scope for EBA 
(mangroves) 



coral reefs, 
beaches, 
seagrasses, 
mangroves, 
littoral forests 
(15, 18, 77) 
 

(79, 80, 118) Mangrove restoration 
(153); Gradual 
retreat option (79) 

Dominica 
(2012, 2nd) 

Mountainous 
and volcanic 
island, coral 
reefs, beaches, 
seagrasses, 
mangroves (3, 
113, 114) 

Sea defences, 
gabion baskets, 
revetments, 
boulders (117); 
Traditional methods 
(coconut-leaf walls, 
coconut-fibre stone 
units) (122) 
 

Wide range of hard 
and soft structures; 
Retreat, 
accommodation or 
protection options 
(122-124) 

Scope for EBA 
(traditional 
methods) 

Grenada  
(2000, 1st) 

Mountainous 
volcanic islands, 
cays, coral 
reefs, beaches, 
seagrasses, 
mangroves (1-4)  

Seawalls (63) Seawalls; Mangrove 
replanting (63, 64); 
No regrets measures 
(58); Abandonment 
and relocation 
options where 
protection cost is 
high (63)  
 

Scope for EBA (no 
regret measures) 

Guyana 
(2012, 2nd) 

Mainland, 
coastal plain 
below MHT, 
parallel sand 
ridges, beaches, 
mangroves (47) 

Network of 
concrete coastal 
structures, earth 
embankments, 
canals and sluices 
(48, 285); Riprap 
structures and 
gabion baskets 
(285) 
 

Dikes, levees, 
floodwalls (207); 
Mangrove restoration 
(286); Raising homes 
(284); Retreat as 
option (299) 

Scope for EBA 
(sand ridges) 

Jamaica 
(2011, 2nd) 

Mountainous 
island, 
limestone cliffs, 
debris ridge, 
coral reefs, 
beaches, 
mangroves (42, 
347-351, 360) 

Groins (354); 
Debris ridge (371)  

Revetments, groins 
(392); Beach 
nourishment and 
offshore sand supply 
(372); Mangrove 
regeneration (392); 
Relocation, elevation 
and protection as 
options (370) 
 

Scope for EBA 
(mangroves)  

St Kitts & 
Nevis (2015, 
2nd) 

Volcanic 
islands, cliffs, 
coral reefs, 
beaches, salt 
ponds, 
freshwater 
lagoons, 
seagrasses, 
mangroves (1, 
2, 4) 
 

Seawalls, 
revetments, groins, 
breakwaters (58) 

Coastal protection 
structures (58); 
Elevated buildings 
(66); Habitat 
restoration (62); No 
regret measures (57) 

Scope for EBA (no 
regret measures); 
Elevated homes  

St Lucia 
(2011, 2nd) 

Volcanic island, 
coral reefs, 
seagrasses, 
mangroves, 

Beach 
replenishment 
(137) 

Sea defences; 
Natural defences 
(mangroves, corals); 
Abandon and retreat 

Scope for EBA 
(mangroves, coral 
reefs) 



freshwater 
swamps (29, 45, 
46) 
 

options (149) 

St Vincent & 
Grenadines 
(2015, 2nd) 

Volcanic 
islands, cays, 
coral reefs, 
beaches, dunes, 
mangroves (36, 
37, 175, 176) 
 

Seawalls (190) Seawalls (190); 
Natural defences 
(175, 176) 

Scope for EBA 
(dunes) 

Suriname 
(2016, 2nd) 

Mainland, mud 
flats, sandy shell 
beaches, salt to 
brackish 
lagoons, 
mangroves, low 
swamp forests 
(26, 27, 36) 

Polders: dikes, 
canals, ditches, 
sluices and pumps 
(116); clay dams 
(119) 

Dikes and dams; 
Engineering 
measures to 
increase 
sedimentation and 
support mangrove 
growth (148); 
Mangrove 
restoration; Mud 
bank nourishment 
(149, 159) 
 

Scope for EBA 
(mud banks or 
ridges) 

Trinidad & 
Tobago 
(2013, 2nd) 

Mountainous 
islands, coral 
reefs, beaches, 
mangroves (6, 
80, 89) 
 

Seawalls, 
breakwaters (84) 

Protection of coastal 
ecosystems (89) 

Scope for EBA 
(coral reefs, 
mangroves) 
 

Pacific (15 SIDS) 
 
Cook Is 
(2011, 2nd) 

High volcanic 
islands, atolls, 
raised atolls, 
cays, coral 
reefs, beach 
forests (21, 25) 
 

Seawalls; Coastal 
Protection Energy 
Dissipater 
(COPED) (45); 
Raised houses (84) 

Coastal protection 
measures; Coral 
replanting (46); No 
regret resilience (89) 

Scope for EBA 
(coral reefs, no 
regret measures); 
COPED  

Fiji (2014, 
2nd) 

Volcanic 
islands, atolls, 
coral reefs, 
beaches, 
seagrasses, 
mangroves (2, 
67) 
 

Coastal structures 
(59) 

Seawalls; Beach 
nourishment (92); 
Replanting/ 
restoration of coastal 
vegetation (68) 

Scope for EBA 
(coastal vegetation) 

Kiribati 
(2013, 2nd) 

Limestone 
island, atolls, 
coral reefs, 
seagrasses, 
mangroves (30, 
36) 
 

Mangrove 
rehabilitation (87) 

Seawalls; Mangrove 
replanting (171, 172) 

Scope for EBA 
(mangroves) 

Marshall Is 
(2015, 2nd) 

Atolls, raised 
coral islands, 
coral reefs, 
beaches, 
beachrock, 
mangroves (25, 
35, 82, 83) 

Protective 
structures (77); 
Beachrock 
(temporary) (82) 

Shoreline defences; 
Elevating structures 
(121); Retreat option 
for worst case 
scenario (77) 

Elevated homes 



 
Micronesia 
(2015, 2nd) 

Volcanic high 
islands, atolls, 
coral reefs, 
mangroves, 
strand forests 
(5, 6) 
 

Seawalls (79); 
Coral rubble banks 
(78) 

Seawalls, groins 
(70); Re-vegetate 
strand forests, 
mangroves (63); 
Raised buildings (76) 

Scope for EBA 
(rubble banks); 
Elevated homes 

Nauru (2014, 
2nd) 

Raised coral 
island, coral 
reefs, 
mangroves (27, 
32) 
 

Protection 
structures (102) 

Hard structures; 
Replanting coastal 
vegetation (103) 

Scope for EBA 
(coastal vegetation) 

Niue (2014, 
2nd) 
 

Raised atoll, 
cliffs, coral 
reefs, littoral 
forests (12, 20, 
29) 
 

Wharf (56) Strengthen 
structures; Protected 
reefs and nearshore 
areas; ICZM (78)  

Scope for EBA 
(coral reefs) 

Palau (2002, 
1st) 

Volcanic and 
limestone 
islands, atolls, 
coral reefs, 
beaches, 
seagrasses, 
mangroves (2, 
7, 45) 
 

Seawalls; 
Revegetation (67) 

Seawalls; 
Restoration of 
coastal ecosystems 
(67); No regret 
measures (65) 

Scope for EBA (no 
regret measures) 

Papua New 
Guinea 
(2014, 2nd) 

Part of volcanic 
large island and 
small islands, 
atolls, coral 
reefs, lagoons, 
mangroves, 
swamp forests 
(2, 13, 14) 
 

Seawalls; Planting 
mangroves (69) 

Wide range of 
structural measures 
and non-structural 
(beach nourishment, 
planting mangroves, 
reef rehabilitation) 
measures; Elevated 
buildings (67- 69) 

Scope for EBA 
(mangroves, coral 
reefs); Elevated 
homes 

Samoa 
(2010, 2nd) 

Volcanic high 
islands, coral 
reefs, 
mangroves (17, 
21, 53) 
 

Cement and rock 
walls (47); 
Mangrove 
rehabilitation (60)  

Hard and soft 
measures including 
mangroves (61)  

Scope for EBA 
(mangroves) 

Solomon Is 
(2004, 2nd) 

Volcanic 
islands, atolls, 
corals reefs, 
mangroves (2, 
27) 
 

Seawalls; Re-
vegetation (30) 

Seawalls; Re-
vegetation (30); No 
regret measures (29) 

Scope for EBA (no 
regret measures) 

Timor-Leste 
(2014, 1st) 

Mountainous 
islands, cliffs, 
coral reefs, 
lagoons, 
beaches, 
seagrasses, 
mangroves (5) 
 

NA Mangrove protection 
and rehabilitation 
(91); CZM (129) 

Scope for EBA 
(mangroves) 

Tonga 
(2012, 2nd) 

Volcanic and 
coral islands, 

Seawalls, 
revetments (113, 

Coastal reforestation 
and afforestation 

Scope for EBA 
(mangroves) 



coral reefs, 
beaches, 
mangroves (6, 
17, 115) 
 

115) (120) 

Tuvalu 
(1999, 1st) 

Raised 
limestone 
islands, atolls, 
coral reefs (2, 
17) 
 

NA Restoration of 
coastal ecosystems 
(23-24) 

Shift to EBA 
(coastal 
ecosystems) rather 
than hard 
structures 

Vanuatu 
(2014, 2nd) 
 

Volcanic 
islands, cays 
coral reefs, 
seagrasses, 
mangroves (22, 
26, 66) 
 

NA Coastal defences 
(125); Mangrove 
rehabilitation (77); 
EBA (79, 132) 

Scope for EBA 
(mangroves) 

AIMS (Atlantic, Indian Ocean & South China Sea region) (7 SIDS)
 
Bahrain 
(2012, 2nd) 

Islands, coral 
reefs, 
seagrasses, 
mangroves (2, 
9) 

Hard structures, 
land reclamation 
(27) 

Hard structures (28); 
Rehabilitate 
mangroves (29); 
Artificial reefs (46); 
Protection as only 
option over retreat 
and accommodation 
(27) 
 

Scope for EBA 
(mangroves, 
artificial reefs) 

Cape Verde 
(2010, 2nd) 

Volcanic 
islands, coral 
reefs, beaches 
(2, 11, 12) 
 

Coastal structures 
(28) 

Hard and soft 
measures; Artificial 
reefs (137) 

Scope for EBA 
(artificial reefs) 

Guinea-
Bissau 
(2011, 2nd) 

Mainland, 
islands, 
estuaries, 
mangroves (14, 
17) 
 

Dikes (bunds) (50) Mangrove protection 
(72) 

Scope for EBA 
(mangroves)  

Maldives 
(2016, 2nd) 

Atolls, coral 
reefs, beaches, 
seagrasses 
mangroves (14, 
19) 

Seawalls, groins 
breakwaters; Land 
reclamation; Beach 
nourishment; 
Coastal vegetation; 
Raised ridges (93-
94); Artificial reefs 
(97) 
 

Hard structures; Soft 
structures; Options 
identified in 2015 
coastal protection 
guideline: hold the 
line, move seaward, 
manage realignment, 
limited intervention, 
do nothing (91-94) 
 

Scope for EBA 
(raised ridges, 
artificial reefs); 
Land elevation 

Mauritius 
(2016, 3rd) 

Islands, atolls, 
coral reefs, 
beaches, dunes, 
seagrasses, 
mangroves (1, 
42, 51, 60) 

Groins, 
breakwaters, 
armouring (43-44); 
Beach 
nourishment; Dune 
replenishment; 
Artificial reefs (45) 
 

Beach nourishment; 
Dune replenishment 
(183); Mangrove 
planting; Artificial 
reefs (68); Elevated 
road (57); EBA (103) 

Scope for EBA 
(artificial reefs) 

Seychelles 
(2011, 2nd) 

Granite and 
coral islands, 

Seawalls, 
breakwaters, 

Hard and soft 
measures; Raised 

Scope for EBA 
(hybrid); Elevated 



atolls, coral 
reefs, beaches, 
dunes, 
mangroves, 
coastal 
vegetation (69, 
199, 207, 209, 
288) 
 

groins; Dune and/or 
berm restoration; 
Planting (209-211) 

buildings (212, 215) homes 

Singapore 
(2014, 3rd) 

Islands, coral 
reefs, 
mangroves (12, 
32) 
 

Raised reclaimed 
land level (30) 

Long-term protection 
strategies (under 
study) (30) 

Scope for EBA 
(mangroves) 
 

 128 
Source: compiled from 35 NCs downloaded on 23 January 2017 from 129 
http://unfccc.int/national_reports/non-annex_i_natcom/submitted_natcom/items/653.php).  130 
NA = not available. 131 
 132 
3.1. Adaptation strategies  133 
 134 
Retreat is not possible on many SIDS due to their small size, limited land, and low-lying nature. The 135 
removal of total population is a last resort (Papua New Guinea) and for the worst-case SLR scenario 136 
in the future (Marshall Islands). Managed retreat is a priority option in Guyana and gradual retreat is a 137 
longer-term option in Belize. Grenada opts for future abandonment and relocation where the cost of 138 
protection work is excessive.  139 
 140 
Accommodation primarily in terms of elevated homes/buildings is traditionally practised in the Cook 141 
Islands, Belize, and Guyana. However, for Bahrain protection is the only adaptation option in the long 142 
term. 143 
  144 
Addressing SLR within a coastal zone management (CZM) framework can be useful. Barbados has a 145 
CZMU (CZM Unit) that includes hard and soft engineering measures for beach protection, stability, 146 
and enhancement. CZM in Vanuatu is a “ridge to reef” approach to build resilience of coral reefs, 147 
mangroves, and seagrasses to climate change. Adaptation is addressed through CZM in Timor-Leste. 148 
Ecosystem protection/restoration at the local level is addressed through a similar framework in 149 
Trinidad and Tobago. Coastal management is in a number of agencies in Antigua and Barbuda. 150 
 151 
3.2. Hard and soft measures 152 
 153 
Hard measures are most evident in the polders of Guyana and Suriname. With the constraints of high 154 
costs, seawalls are thus limited to protection of key locations (Belize, Micronesia, Solomon Islands), 155 
impractical on a large scale (Palau, Solomon Islands), and used only in critical situations (Grenada). 156 
Guyana planned to use HESCO barriers (commercially produced earth-filled barriers for erosion and 157 
flood control) to replace traditional gabion baskets but costs are high. Better-designed coastal 158 
protection units – Coastal Protection Energy Dissipator (COPED) – are deployed at the airport at 159 
Rarotonga, Cook Islands.  160 
 161 
Land reclamation is generally practised as means to increase land area (Maldives). In Bahrain 162 
government policy has encouraged land reclamation. However, there is also the danger of being 163 
locked into an unhealthy “adaptation path” in hard measures, for example, in the Maldives, where the 164 
high cost of hard measures has led to greater interest towards a ‘‘soft path”, especially EBA [11]. 165 
 166 
Of the soft measures, beach nourishment is the most common, followed by dune and berm 167 
restoration. It has grown in popularity as a solution for alleviating coastal erosion and helping beach 168 
stabilization in Barbados [32]. Beach nourishment dominates St Lucia but its costs can be high in 169 
Belize. Palmetto trunks are used on beaches to dissipate wave energy and retain sand in Belize. 170 
Walls of low sunken logs protect the beach at Praslin, Seychelles. Jamaica has proposed to identify 171 
offshore sand deposits for beach nourishment. 172 
 173 



Coastal dunes are a natural coastal defence in St Vincent and Grenadines. In St Kitts dunes function 174 
as reservoirs of sand, available for supply to the beach during storms [33]. Dune and berm restoration 175 
is carried out at a number of beaches in Seychelles. 176 
 177 
3.3. Ecosystem-based adaptation 178 
 179 
More than 30 SIDS cite EBA measures for future use. The most common EBA is mangrove and coral 180 
reef restoration with artificial reefs in the Maldives and Mauritius. 181 
 182 
Mangroves are natural defences against the sea (Guyana) and from storms (Antigua and Barbuda), 183 
and act as buffer zones, sediment traps (Antigua and Barbuda), and as a filter (Palau). They also 184 
keep up with SLR [34]. 185 
 186 
On-going projects on protecting, rehabilitating, and planting mangroves have been reported by a 187 
number of SIDS: protecting mangroves in Suriname, mangrove rehabilitation in Guyana, mangrove 188 
planting on Moch Island, Micronesia, and on islands and in northeast of Papua New Guinea, and 189 
mangrove replanting in Kiribati. The mud banks in Suriname have a significant protection role in 190 
relation to the mangroves. They provide primary protection on which mangroves take over [35]. 191 
 192 
Coral farming and transplantation is encouraged in Mauritius. Coral nurseries have been implemented 193 
in Belize. Other proposed measures included restoring beach vegetation [36].  194 
 195 
Besides mangroves, coral reefs and dunes, EBA also includes other specific ecosystem and 196 
topographic features. EBA is part of autonomous adaptation or no regret measures considered as 197 
most beneficial (Solomon Islands, Cook Islands, Grenada, Palau). No-regret resilience is advocated 198 
for the Cook Islands and it can be effective within a CZM framework (St Kitts and Nevis). 199 
 200 
3.4. Traditional and other technologies 201 
 202 
Traditional construction methods have been in use across the Pacific as a means of reducing 203 
vulnerability to tropical cyclones and floods in rural areas. In Solomon Islands traditional practices 204 
include elevating concrete floors on Ontong Java and building low, aerodynamic houses with sago 205 
palm leaves as roofing material on Tikopia [1]. Traditional technologies such as coconut-leaf walls 206 
and coconut-fibre stone units are used in Dominica.  207 
 208 
Traditional raised buildings exist in Belize and Guyana and the Cook Islands. Buildings are built at 209 
least 2.6 m above MSL in Fiji to prevent damage from storm surge and some resorts are already built 210 
on the reef (over-water bungalows) in the Maldives and Fiji [37]. The floor level of houses has been 211 
proposed for raising in Micronesia, St Kitts and Nevis, and Seychelles. 212 
 213 
 214 
4. RESULTS FROM GENERAL ASSESSMENT OF COASTAL PROTECTION MEASURES 215 
 216 
In general many of the recent developments in coastal management and engineering have originated 217 
in the United Kingdom and other European coastal states and in North America [32]. Examples of 218 
common hard and soft measures are listed in boxes of a guide issued by the European Commission 219 
[38]. In the USA the measures are classified as coastal armouring structures, beach stabilization 220 
structures, non-structural alternatives, and combinations and new technologies [39]. Thirteen 221 
adaptation technologies for responding to coastal erosion and flooding are grouped under protect, 222 
accommodate, and retreat approaches [5]. In general, trends in coastal protection have increasing 223 
incorporated nature and shifting toward soft but novel, eco-friendly methods [40]. A guidance on EBA 224 
measures is provided by Travers et al. [41].  225 
 226 
With the shift from hard structures and towards soft and natural structures, there is a change in 227 
terminology and classification. The most evident is in the USA where the terms natural, nature-based, 228 
nonstructural, and structural describe the full array of coastal protection measures employed by the 229 
US Army Corps of Engineers (USACE) [42, 43]. The latest is the recognition by the USACE and 230 
National Oceanographic and Atmospheric Administration (NOAA) of the value of the hybrid 231 
engineering approach that integrates soft or “green” natural and nature-based measures, with hard or 232 



“grey” structural ones giving rise to SAGE, or a Systems Approach to Geomorphic Engineering 233 
ranging from green to grey techniques [44]. This is currently in practice or considered for climate 234 
change adaptation in the coastal areas of the USA [45]. 235 
 236 
The adaptation technology database of the Asia Pacific Adaptation Network [46] provides a wide 237 
range of hard, soft, and hybrid measures under various categories. Soft and natural and nature-based 238 
measures transcend the classification used in Australia [47] that has a separate category on emerging 239 
technology and novel approaches. Coastal EBA has become increasingly important and of ten coastal 240 
EBA options identified by UNEP, nine can address SLR [23].  241 
 242 
With increasing use of natural defences, the coastal protection measures are categorized as built, 243 
natural, and hybrid (combination of built and natural) [48]. The importance of mangroves, coral reefs, 244 
and other coastal ecosystems has led to the use of two other terms: “green infrastructure” [49] and 245 
“coastal green infrastructure” [50] referring to such ecosystems. In particular, hybrid approaches are 246 
of increasing attention, e.g. living shorelines. The protection of estuaries, which include mud flats and 247 
mangroves and low-energy coasts comes under further attention by Restore America’s Estuaries [51]. 248 
A handbook by the Construction Industry Research and Information Association covers the protection 249 
of levees [52]. A much wider term “nature-based solutions” (NbS) is now in use for natural and hybrid 250 
measures [53].  251 
  252 
In the USA the continuum of options from grey to green became more popular after Hurricane Sandy 253 
in 2012 [45]. The “Rebuild by design” produces six innovative coastal infrastructure projects each with 254 
a significant hybrid infrastructure component [50]. Elsewhere, the “Building with nature” focuses on an 255 
innovative approach using very large nourishment – the “Delfland sand engine” at South Holland, 256 
Netherlands [54, 55]. Other ideas include “Living with water” [56], “Give back land to the sea”, and 257 
“Floating or sea-encircled artificial dwelling mounds” [57]. 258 
 259 
There are three or four approaches towards SLR – avoid, retreat, accommodate, and protect – 260 
depending on whether the first two are considered under the heading “retreat”. Structures are 261 
implemented under the “protect” and “accommodate” approaches [58]. A spectrum of possible 262 
categories for coastal protection is suggested by Tam [59]. Excluding managed retreat, at least six 263 
strategies can be identified for the hard, soft, and hybrid measures for managing SLR: barriers, 264 
coastal armouring, elevated development, floating development, floodable development, and living 265 
shorelines. 266 
 267 
5. FIRST-CUT CLASSIFICATION OF COASTAL PROTECTION TECHNOLOGY 268 
 269 
The assessments on the present and future adaptation tools used by the SIDS and other sources 270 
including databases and manuals on coastal engineering/adaptation measures give rise to several 271 
basic and sequential points. These are essential in developing a first-cut classification of adaptation 272 
technology to SLR for the SIDS. 273 
 274 
First, consider the situation before SLR in which a variety of hard and soft measures has been in use 275 
for coastal protection and flooding. Second, with SLR it is more than just coastal protection as there is 276 
a need or ability to keep up with a rising sea level and its consequences. This point has somewhat 277 
been overlooked in discussion of many coastal measures addressing SLR; hard and soft structures 278 
can protect the coast from coastal erosion and coastal flooding but may not address SLR.  279 
 280 
Third, there is an increasing trend of hybrid measures in which nature integrates with hard and soft 281 
structures for coastal protection. It is fine to develop, encourage or improve the biodiversity at the toes 282 
or slopes of the hard structures but this does not keep up with a rising sea level. Hybrid measures 283 
need to increase their general elevation and to offer coastal protection. The level of the habitat must 284 
keep up with SLR besides providing protection to the coast. For example, sedimentation in 285 
mangroves and upward growth of corals must be sufficient. Regardless of which coastal ecosystem is 286 
used in EBA the basic considerations addressing SLR are a general rise in elevation and a luxuriant 287 
growth to lessen the impact of wave energy.  288 
 289 
Fourth, several separate measures have been designed to imitate nature or natural processes in 290 
order to protect the coasts and to address SLR. The best examples are from the Netherlands – the 291 
“Sand engine”, “Building with water”, and “Living with water” [54].  292 



 293 
Fifth, since time immemorial, floating is one way to survive on water. Traditional settlements on stilts 294 
or floating settlements have been in use before SLR, e.g. along the coasts in Southeast Asia or in the 295 
seasonal Tonle Sap, Cambodia. Floating and amphibious structures are in use in developed 296 
countries, e.g. Maasbommel, Netherlands.  297 
 298 
Sixth, although an obvious factor in relation to water or flood level, topography is not given sufficient 299 
weightage for adaptation to SLR compared to hard and soft measures and EBA. Elevated points or 300 
local features along the coasts can be used effectively. Reclaimed land is probably the most common 301 
measure to elevate above the water level and a measure to adapt to SLR, but it is expensive.  302 
 303 
The above comments will be considered in constructing the first-cut classification of coastal protection 304 
technology for the SIDS (Table 2). The table is not meant to be comprehensive but to provide an 305 
improved perspective for measures addressing SLR and coastal flooding by further considering local 306 
conditions of elevation and configuration. It is meant to provide a basis and additional information on 307 
available and new methods, materials, technologies, and innovative ideas. It has eight categories 308 
graded from the usual hard and soft measures to new and innovative ideas. 309 
 310 
Several available technologies for the SIDS can be identified and examples are given for each 311 
category. For Guyana and Suriname there is scope for “Dutch-type” measures (“Living with water”) as 312 
the coastal plain in Guyana is 1.4 m below MSL and both countries have polders. A recommendation 313 
has been made to develop a pilot “Living with water” in Guyana [35]. The COPED units have been 314 
used in the Cook Islands and it would not be difficult to add a biodiversity component to become a 315 
“Living shoreline” that could be applied to other SIDS. Guinea-Bissau has suitable low-energy 316 
estuaries for “Living shorelines”. Jamaica could explore its offshore sand supply to consider a smaller 317 
version of the Dutch-type “Sand engine”. More practical options exist for elevated homes in the SIDS 318 
considering the overwater resort in Maldives and residences on the Cook Islands, Belize and Guyana. 319 
More recently the Maldivian environmentalist group Bluepeace has suggested constructing three 320 
metre-high islands throughout the atolls [11]. 321 
 322 
Floating and amphibious infrastructures offer a promising solution to address SLR. Amphibious 323 
infrastructures stay dry under normal times and float when necessary as distinguished from floating 324 
infrastructures. Floating infrastructures in existence include floating houses and apartments (mainly in 325 
the Netherlands) and a floating solar power plant (Japan); others to be implemented include a floating 326 
school (Nigeria), floating wind mills (Japan), and floating low-income housing (Bangladesh) [60]. 327 
Floating, or sea-encircled artificial dwelling-mounds are suggested as a long-term strategy for safe 328 
buildings in the lowest parts of the Netherlands and Flanders [57]. The French government and the 329 
Seasteading Institute have agreed on a pilot floating city project in French Polynesia [61].  330 
 331 
Table 2. First-cut classification of coastal protection technology for the SIDS 332 
 333 

Protection technology 
 

Assessment for SIDS

  
A. Hard structures Costly; deployed for critical structures; for ‘no 

retreat’ options; affordable by richer SIDS Seawalls & revetments 
Dikes 
Breakwaters & groins 
  
B. Soft structures Short-term; for selective deployment, e.g. tourist 

coasts Beach nourishment 
Sand bags 
  
C. Hybrid structures Scope for SIDS but generally restricted to lower-

energy coasts; research required for deployment to 
higher-energy coasts 

Living shorelines 

  
D. EBA Currently best and wide scope for SIDS; can be 

combined with hybrid structures; further research Mangroves 



Coral reefs required 
Dunes 
  
E. Topography/elevation Costly; but can be more permanent than “A” 

category technology Reclamation 
Save some islands 
  
F. Float Should be considered more seriously given new 

materials and technologies Stilt/elevated homes 
Floating/amphibious homes 
Floating islands 
  
G. Imitate nature  Research required for deployment in SIDS 
Building with nature 
Living with water 
  
H. New and innovative ideas To be updated regularly given new materials and 

technology in future 
 

 334 
 335 
6. CONCLUSION 336 
 337 
Based on an analysis of their latest NCs to the UNFCCC the SIDS use three major categories of 338 
conventional coastal measures to address coastal flooding and SLR – hard measures, soft measures 339 
and EBA. An analysis of manuals and databases of coastal protection measures provides further 340 
insights to measures beyond hard and soft measures and EBA. The combination of both 341 
assessments resulted in a first-cut classification of coastal protection measures in eight categories 342 
with an assessment given for each category for the SIDS. 343 
 344 
This first-cut classification provides an improved perspective of measures addressing SLR and 345 
coastal flooding by further considering local conditions of elevation and configuration in the SIDS. It 346 
provides a more balanced dimension to low-lying areas or areas liable to flooding by considering new 347 
measures and the wide scope for floating and amphibious structures. It can be further modified to 348 
accommodate future innovative measures, materials, technology and ideas. The classification also 349 
has implications for applications in other coastal zones facing SLR and coastal flooding. In the face of 350 
climate change and SLR the table can be modified and incorporated into Integrated Coastal 351 
Management, Climate Change Adaptation and Disaster Risk Reduction programmes at various 352 
scales.  353 
 354 
 355 
REFERENCES 356 
 357 
1. Nurse LA, McLean RF, Agard A, Briguglio LP, Duvat-Magnan V, Pelesikoti N, et al. Small islands. 358 
In: Barros VR, Field CB, Dokken DJ, Mastrandrea MD, Mach KJ, Bilir TE, et al., editors. Climate 359 
change 2014: impacts, adaptation, and vulnerability. Part B: regional aspects. Contribution of Working 360 
Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 361 
Cambridge, UK and New York, NY, USA: Cambridge University Press; 2014. 362 
 363 
2. UNEP. Emerging issues for Small Island Developing States. Results of the UNEP Foresight 364 
process. Nairobi, Kenya: United Nations Environment Programme; 2014. 365 
 366 
3. IPCC. Managing the risks of extreme events and disasters to advance climate change adaptation. 367 
A special report of Working Groups I and II of the Intergovernmental Panel on Climate Change (Field 368 
CB, Barros V, Stocker TF, Qin D, Dokken DJ, Ebi KL, et al., editors). Cambridge, UK and New York, 369 
NY, USA: Cambridge University Press; 2012. 370 
 371 
4. Wong PP. Impact of a sea level rise on the coasts of Singapore: preliminary observations. Journal 372 
of Southeast Asian Earth Sciences. 1992;7(1):65-70. 373 



 374 
5. Linham MM, Nicholls RJ. Technologies for climate change adaptation. Denmark, UNEP Risø 375 
Centre; 2010. 376 
 377 
6. Marchard M, editor. Concepts and science for coastal erosion management. Concise report for 378 
policy makers. Delft, Netherlands, Deltares; 2010. 379 
 380 
7. Woodroffe CD. Reef-island topography and the vulnerability of atolls to sea-level rise.  Global and 381 
Planetary Change. 2008;62:77-96.  382 
http://dx.doi.org/10.1016/j.gloplacha.2007.11.001 383 
 384 
8. Forbes DL, James TS, Sutherland M, Nichols SE. Physical basis of coastal adaptation on tropical 385 
islands. Sustainability Science. 2013;8:327-344. 386 
DOI 10.1007/s11625-013-0218-4 387 
 388 
9. Simpson MC, Mercer Clarke CSL, Clarke JD, Scott D, Clarke AJ. Coastal setbacks in Latin 389 
America and the Caribbean. A study of emerging issues and trends that inform guidelines for coastal 390 
planning and development. Washington, DC, USA: Inter-American Development Bank; 2012. 391 
 392 
10. Mimura N, Nurse L, McLean RF, Agard J, Briguglio L, Lefale P, et al. Small islands. In: Parry ML, 393 
Canziani OF, Palutikof JP, van der Linden PJ, Hanson CE, editors. Climate change 2007: impacts, 394 
adaptation and vulnerability. Contribution of Working Group II to the Fourth Assessment Report of the 395 
Intergovernmental Panel on Climate Change. Cambridge, UK: Cambridge University Press; 2007. 396 
 397 
11. Naylor AK. Island morphology, reef resources, and development paths in the Maldives. Progress 398 
in Physical Geography. 2015;39(6):728-749. 399 
DOI: 10.1177/0309133315598269 400 
 401 
12. Dronkers J, Gilbert JTE, Butler LW, Carey JJ, Campbell J, James E, et al. Strategies for adaption 402 
to sea level rise. Report of the IPCC Coastal Zone Management Subgroup. Geneva, Switzerland: 403 
Intergovernmental Panel on Climate Change; 1990. 404 
 405 
13. Feenstra JF, Burton I, Smith JB, Tol RSJ, editors. Handbook on methods for climate change 406 
impact assessment and adaptation strategies. Version 2. Nairobi, Kenya: UNEP; 1998. 407 
 408 
14. UNFCCC. Technical paper: coastal adaptation technologies. FCCC/TP/1999/1; 1999. Accessed 3 409 
March 2017. 410 
Available: http://unfccc.int/resource/docs/tp/tp0199.pdf 411 
 412 
15. Mycoo M, Donovan MG. A blue urban agenda: adapting to climate change in the coastal cities of 413 
Caribbean and Pacific Small Island Developing States. Washington, DC, USA: Inter-American 414 
Development Bank; 2017. 415 
 416 
16. Powers A. Sea-level rise and its impact on vulnerable states: four examples. 73 Louisiana Law 417 
Review. 2012;151.  418 
http://digitalcommons.pace.edu/lawfaculty/866/. 419 
 420 
17. Medeiros D, Hove H, Keller M, Echeverría D, Parry J-E. Review of current and planned adaptation 421 
action: the Caribbean. International Institute for Sustainable Development: Adaptation Partnership; 422 
2011. 423 
 424 
18. Dohan R, Hove H, Echeverría D, Hammill A, Parry J-E. Review of current and planned adaptation 425 
action: the Pacific. International Institute for Sustainable Development: Adaptation Partnership; 2011.  426 
 427 
19. Koskinen-Lewis P, de Carvalho A, Dias CM, Fernandes C, Diogo O, Taulealo L, et al. Managing 428 
population retreat from at-risk areas. SISRI Knowledge Note No. 3. Small Island States Resilience 429 
Initiative. Washington, DC, USA: The World Bank and Global Facility for Disaster Reduction and 430 
Recovery; 2016. 431 
 432 



20. Wong PP. Small island developing states. Wiley Interdisciplinary Reviews: Climate Change. 433 
2011;2:1-6.  434 
DOI: 10.1002/wcc.84 435 
 436 
21. Government of Fiji, World Bank, Global Facility for Disaster Reduction and Recovery. Fiji 2017: 437 
climate vulnerability assessment - making Fiji climate resilient. Washington, DC, USA: World Bank; 438 
2017. 439 
 440 
22. Beca International Consultants. Coastal infrastructure management project: CIM strategy. 441 
Revision 1; 2006. 442 
 443 
23. UNEP. Options for ecosystem-based adaptation (EBA) in coastal environments: a guide for 444 
environmental managers and planners. Nairobi, Kenya: UNEP; 2016. 445 
 446 
24. Chatenoux B, Wolf A. Ecosystem based approaches for climate change adaptation in Caribbean 447 
SIDS. Bremen, Germany: UNEP/GRID�Geneva and ZMT Leibniz Center for Tropical Marine Biology; 448 
2013. 449 
 450 
25. Iacovino C, Donohoe P, Carruthers T, Chape S. Ecosystem-based adaptation and climate change 451 
vulnerability for Choiseul Province, Solomon Islands – a synthesis. Apia, Samoa; SPREP; 2013. 452 
 453 
26. Mercer J, Kelman I, Alfthan B, Kurvits T. Ecosystem-based adaptation to climate change in 454 
Caribbean Small Island Developing States: integrating local and external knowledge. Sustainability. 455 
2112;4:1908-1932.  456 
DOI:10.3390/su4081908 457 
 458 
27. Ministry of Environment, Energy and Water. Framework for an ecosystem-based management 459 
plan, Addu Atoll, Republic of Maldives. Maldives; 2011, 460 
 461 
28. Yamamoto L, Esteban M. Vanishing island states and sovereignty. Ocean & Coastal 462 
Management. 2010;53:1-9. 463 
doi:10.1016/j.ocecoaman.2009.10.003 464 
 465 
29. Coastal News Today – Industry Authority in Coastal Engineering News.    466 
Available: http://coastalnewstoday.com 467 
 468 
30. Lee Y. Coastal planning strategies for adaptation to sea level rise: a case study of Mokpo, Korea. 469 
Journal of Building Construction and Planning Research. 2014;2:74-81. 470 
http://dx.doi.org/10.4236/jbcpr.2014.21007 471 
 472 
31. Tonkin & Taylor. Report. Wellington City Council. Sea level rise options analysis. Wellington, New 473 
Zealand; 2013. 474 
 475 
32. Mycoo M, Chadwick A. Adaptation to climate change: the coastal zone of Barbados. Maritime 476 
Engineering. 2012;165(MA4):159-168. 477 
http://dx.doi.org/10.1680/maen.2011.19 478 
 479 
33. UNESCO. Wise practices for coping with beach erosion – St Kitts. St Kitts: Department of the 480 
Environment; 2014. 481 
 482 
34. Spalding M, McIvor A, Tonneijck FH, Tol S, van Eijk P. Mangroves for coastal defence. Guidelines 483 
for coastal managers & policy makers. Wageningen, Netherlands (Wetlands International) and 484 
Arlington, VA, USA (The Nature Conservancy); 2014 485 
 486 
35. Steijn RC, Westebring F, Klostermann JEM. DRR – Team mission report: Guyana. Netherlands; 487 
2016. 488 
 489 
36. UNFCCC. Sixth compilation and synthesis of initial national communications from Parties not 490 
included in Annex I to the Convention. Addendum - Climate change impacts, adaptation measures 491 
and response strategies. Montreal, Canada; 2005. 492 



 493 
37. Becken S. Climate change and tourism in Fiji – Vulnerability, adaptation and mitigation. Suva, Fiji: 494 
University of the South Pacific; 2004. 495 
 496 
38. National Institute of Coastal and Marine Management of the Netherlands (NICMM). A guide to 497 
coastal erosion management practices in Europe. Brussels, Belgium: European Commission, 498 
Directorate General Environment; 2004.  499 
 500 
39. Basco DR. Chapter V-3. Shore protection projects. EM 1110-2-110 (Part V). Washington, DC, 501 
USA: US Army Corps of Engineers; 2008. 502 
 503 
40. Hegde AV. Coastal erosion and mitigation methods – global state of art. Indian Journal of Geo-504 
Marine Sciences. 2010;39(4):521-530. 505 
 506 
41. Travers A, Elick C, Kay R, Vestergaard O. Ecosystem-based adaptation guidance: moving from 507 
principles to practice. Nairobi, Kenya: UNEP; 2012 508 
 509 
42. Bridges T, Henn R, Komlos S, Scerno D, Wamsley T, White K. Coastal risk reduction and 510 
resilience: using the full array of measures. Washington, DC, USA: US Army Corps of Engineers; 511 
2013. 512 
 513 
43. Structures of Coastal Resilience (SCR). Structures of coastal resilience. Phase 1 context, site and 514 
vulnerability analysis. NJ, USA: Princeton University; 2014. 515 
 516 
44. USACE. Natural and structural measures for shoreline stabilization. Washington, DC, USA: US 517 
Army Corps of Engineers; 2015. Accessed 1 February 2017. 518 
Available: http://sagecoast.org/docs/SAGE_LivingShorelineBrochure_Print.pdf 519 
 520 
45. Beavers R, Babson A, Schupp C, editors. Coastal adaptation strategies handbook. NPS 521 
999/134090. Washington, DC, USA: National Park Service; 2016. 522 
 523 
46. Asia Pacific Adaptation Network (APAN). Adaptation technology database: coastal regions. 524 
Accessed 20 January 2017. 525 
Available: http://www.asiapacificadapt.net/adaptation-technologies/database  526 
 527 
47. Engineers Australia. Climate change adaptation guidelines in coastal management and planning. 528 
NSW, Australia: Engineers Media; 2012. 529 
 530 
48. Sutton-Grier AE, Wowk K, Bamford H. Future of our coasts: the potential for natural and hybrid 531 
infrastructure to enhance the resilience of our coastal communities, economies and ecosystems. 532 
Environmental Science & Policy. 2015;51:137-148. 533 
http://dx.doi.org/10.1016/j.envsci.2015.04.006 534 
 535 
49. World Bank. Managing coasts with natural solutions: guidelines for measuring and valuing the 536 
coastal protection services of mangroves and coral reefs. (Beck MW, Lange G-M, editors). Wealth 537 
Accounting and the Valuation of Ecosystem Services Partnership (WAVES). Washington, DC, USA: 538 
World Bank; 2016. 539 
 540 
50. National Science and Technology Council (NSTC). Ecosystem-service assessment: research 541 
needs for coastal green infrastructure. Washington, DC, USA: NSTC; 2015. 542 
 543 
51. Restore America’s Estuaries (RAE). Living shorelines from barriers to opportunities. Arlington, 544 
Virginia, USA; 2015 545 
 546 
52. Construction Industry Research and Information Association (CIRIA). The international levee 547 
handbook. London, UK: CIRIA; 2013. 548 
 549 
53. Cohen-Shacham E, Walters G, Janzen C, Maginnis S, editors. Nature-based solutions to address 550 
global societal challenges. Gland, Switzerland: IUCN; 2016. 551 
 552 



54. Misdorp R, editor. Climate of coastal cooperation. Leiden, Netherlands: Coastal and Marine 553 
Union; 2011. 554 
 555 
55. European Commission. Thematic issue: ecosystem-based adaptation. Science for Environment 556 
Policy. March 2013, Issue 37. 557 
 558 
56. Royal Institute of British Architects (RIBA). Living with water. Visions of a flooded future. London, 559 
UK: RIBA; 2007. 560 
 561 
57. Smits AJM, Nienhuis PH, Saeijs HLF. Changing estuaries, changing views. Hydrobiologia. 562 
2006;565:339-355. 563 
DOI 10.1007/s10750-005-1924-4 564 
 565 
58. Rideout E. Setbacks and vegetated buffers in Nova Scotia. Nova Scotia Environment, Canada: 566 
Hydrologic Systems Research Group; 2012. 567 
 568 
59. Tam L. Strategies for managing sea level rise. The Urbanist. 2009;487:9-15. 569 
 570 
60. Halverson N. 12 ways we’ll keep high and dry when oceans rise. Discovery News. 17 January 571 
2014. Accessed 1 February 2017. 572 
Available: http://www.seeker.com/12-ways-well-keep-high-and-dry-when-oceans-rise-573 
1768231366.html   574 
 575 
61. Chow L. World's first floating city to combat rising sea levels. EcoWatch. 17 January 2017. 576 
Accessed 1 February 2017. 577 
Available: http://www.ecowatch.com/floating-city-sea-level-rise-2196056463.html  578 


