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Abstract

Climate change.is increasing the threat of erosion and flooding along coasthin&itygl
Engineering, solutions (e.g. seawalls and breakwaters) in response to protecting coastal
communities'and associated infrastructure are increasingly becoming ecdlycanida
ecologically'unsustainable. This has led to recommendations to create or restore natural
habitats, such as sand dunes, saltmarsh, mangroves, seagrass and kelp beds, and coral and
shellfish reefs, to provide coastal protection in place of (or ttament) artificial

structures. Coastal managers are frequently faced with the problem of angy ewastline,

which requires@@ decision on what mitigation options are most appropriate to impléme
barrier to uptake of natuteased coastal defence tarsgent evaluation of the effectiveness in
comparison to artificial protection structures. Here, we assess the current evidence for the
efficacy of naturebased versus artificial coastal protection and discuss future research needs.
Future projects shoulkelvaluate habitats created or restored for coastal defence for cost
effectiveness in comparison to an artificial structure under the same environmental
conditions. Cesbenefit analyses should take into consideration all ecosystem services
provided by natre-based or artificial structures in addition to coastal protection.
Interdisciplinary research among scientists, coastal managers and engineers are required to
facilitate the,experimental trials needed to test the value of these shoreline protection
schenes, inorder to support their use as alternatives to artificial structures. This research
needs to happen now as our rapidly changing climate requires new and innovative solutions

to reduce the vulnerability of coastal communities to an increasingly uncertaie. fut

| ntroduction

Half of the world’s population lives within 60 km of the ocean, and three quartersafall |
cities are coastal (UNEP, 200E&rosion and inundation are hazards that threaten humans and
associated infrastructure in the coastal Zbfiekel et al, 2014, Kittinger & Ayers, 2010).

The impact of these hazards has increased as the amount and value of coastal infrastructure
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has grown, and continues to grow. Future climate change is predicted to further itfezease
vulnerability of communities to coastal hazards. This is due to the influence of climate
change on the drivers of these hazards, sutitesases in sea level, great&ve height and
more intense, and potentially more frequent, storm events (IPCC, 2014, &toain@011)
(Fig. 1). Forexample, at least 70% of beaches worldwide are eroding or have a negative
sediment budget, resulting in shoreline erosion and inlaapdadiemen(Bird, 1985) while

up to 4.6% of the global population may experience annual flooding by 2100 (ldirdiel
2014). Identifying effective intervention methods to protect and mitigate agaihst suc
contemporary and future hazards is arguably one of the most pressing challemges faci
coastal communities today.

Armouring with ‘hard’ engineered structures, such as seawalls and breakwaters, is the
current solution for coastal defence to protect against contemporary hazards. However,
financial cost®f maintaining these structures under future climate change scenarios are
significant(Hinkel et al, 2014) In parallel, this has prompted research investigating the
value of natural ecosystenssich as biogenic reefs, dunes, beaches and vegetation, to provide
protection against erosion and waves, with the benefit that these systems can cluapges
in climate and,selfepair after major storm ever{Sittmanet al, 2014) Recently, the
restoration or creation of habitats through ‘soft ecologicaine®ging’ techniques has been
advocated assatool for natural shoreline stabilisation, with additional émmslysnefits,
such as biodiversity provisiditemmermaret al, 2013) Despite the significant limitations
of hard coastal defence in a changirighele, these structures are continuing to be built, with
little changes in practices or management. One barrier to the wider use of soft eco
engineering approaches for coastal defence is evidence that restored or created habitats
provide equivalent protection to firstly, the intact natural habitat and secondly, ha
engineered structuréBoumaet al, 2014, Narayaet al, 2016).

Here.we present a review to determine the current evidence for the effectiveness of
coastal defencerusing soft eengineerig versus traditional engineering solutions. As recent
studies havesreviewed the role of natural habitats in coastal defence and climate change
adaptationgwe focus specifically on restored or created habitats and their ability to protect the
coast againggresion and flooding relative to hard structures. A comparison between
restored/created habitats and hard structures is more relevant to management, where a
decision on what type of structure should be built to protect an eroding coastline needs to be
made Naturebased solutions through restoration or habitat creation have considerable
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95 potential for coastal defence, but have received much less attention than tlomaldditi
96 ecosystem services (e.g. biodiversity enhancement) these habitats provide.

97

98 Natural habitatsfor coastal defence

99 Coastlines support a variety of habitats, of which sand dunes and beaches, saltmarsh,
100 mangroves; . seagrass and kelp beds, and coral and shellfish reefs have been identified as
101  potentiallysimportant in mitigating the impacts of coastal hazards (Fig. 1@dsiag interest
102  in the potentialfor these systems to function as alternatives to hard coastal defence structures
103  has prompted research into the use of natural coastal features to support coastal resilience and
104  risk reduction (Spaldingt al, 2014) Recensyntheses evaluating ‘living infrastructure’ for
105  coastal defence have focused on the effectiveness of existing coastal habitats to provide
106  protection'against coastal hazards, some in comparison to hard infrastfDctanteet al,
107 2013, Feagimtal, 2015, Ferrari@t al, 2014, Gedaset al, 2011, Hanlet al, 2014,
108  Narayaret al, 2016, Ondivielat al, 2014, Shepardt al, 2011) Of particular interest has
109  been the ability of natural systems to prevent episodic coastal erosion and onuddatig
110  storms, hurricanes and tsunami, to halt or slow the chronic loss of coastal land due to
111  persistent erosion over medium to long time periods, and minimise coastal inundation due
112 future sea levelkrise.
113 Natural habitats provide protection servicgaiast these coastal hazards through
114  ecosystem processes such as increased bed friction, local shallowing of water, sediment
115 deposition.and.building vertical biomass (Fig. 1). These processes elicit responses such as
116  changes in'shore profile and elevatietative to sea level and wave attenuation, which in
117  turn mitigatesthe coastal hazards (Fig. 1). For instance, vegetated coastal habitats, such as
118  seagrasses, saltmarshes and mangroves, can reduce water flow and wave height as waves
119  pass through the dengegetation, and similar effects are caused by the rough surfaces of reef
120 systemgreviewed in Spaldingt al, 2014) In addition, subtidal habitats cause localised
121 water shallowing, which promotes wave breakiRgrrarioet al, 2014) Coastal vegetation
122 and shellfish reefs can stabilise shorelines by promoting sediment depositimnraddcing
123 erosion‘and sediment movemé8paldinget al, 2014). Further, sediment accumulation in
124  association with coastal vegetation can increase the height of thelatinverto sedevel,
125  thus reducing the likelihood of flooding during storm events (Shegtaal 2011). Finally,
126  the effects of natural habitats in terms of coastal protection can be additive, since two or more

127  ecosystems may lie in close proximity (Spalding et al., 2014).
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The wave height reduction of coral reefs, saltmarsh, seagrass/kelp beds and
mangroves has be@stimated to be 70%, 72%, 36% and 31%, respeciiiasayaret al,
2016), which is comparable to that reported for ested detached breakwaté36-70%,
Ferrarioet al, 2014). Equally, a metanalysis found a positive effect of saltmarsh on
shorelinesstabilisation, although these studies only compared areas with and without
saltmarsh((i.e., saltmarsh was not compared with an alternative hard solution; &hepard
2011).For'saltmarsh, the vegetation charactexsséind environmental setting wémgportant
for the degree of wave attenuation and shoreline stabilisation provided (Seepb&D11).
For instance, an increase in marsh width, vegetation height and density and nvatginele
had a positive effect on wave attenuation, while an increase in wave energy had a negative
effect. Similarly,;an increase in biomass production, percentage cover, patahgidensity
had a positive effect on shoreline stabilisation, but a greater tidal elevatiennegative
effect (Sheparetal 2011).

A reduction in the impact of extreme events (tsunami, storms and cyclones) has also
been reported on coasts where sand dunes were present compared to coastlines without dunes
(Bayaset al5:2013, Huet al, 2016, Kathiresan & Rajendran, 2005, Wijetunge, 2010)
although the degree of coastal protection depends on the shape and height of the dunes. Low
dunes relative to the height of storm surge or tsunami have reduced coastabprotecti
capacities, whereas gaps in dune barriers can cause more substantial impacts by accelerating
water flows inlandBayaset al, 2013, Hart & Knight, 2009, Wijetunge, 2010here are
few direct comparisons between dunes and hard structures; however, an assessment of a low
energy tsunami in the Seychelles found that dunes wasesleecessful than seawalls in
reducing flood hazards but that dunes did reduce wave strength leading to a significant
decrease in structural damage compared to seawalls (Begg<2013) The coastal
protection ‘capacity of seawalls also depends on their height, and dunes have decreased
inundation'rates'where surge levels have exceeded the height of seawalls but remained lower
than the dunetheight (Sato, 2015).

In terms=0f naturaghellfish reefs, there is a paucity of information on their value for
coastal defence, which may be due to the widespread destruction of these habitats that has left
few existing'mature shellfish beds (Bestkal, 2011). Recent simulations, however, sigjge
increased wave energy due to historical oyster bed loss in New York Harbour (Betiadion
2016).Further, increases in the percage cover ofibbed musselGeukensia demiska
which is found synergistically with saltmarsh in the United Statesedsed saltmarsh

shoreline erosion, however, the effects varied among locations and sites (Moody, 2012).
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Although the protection of natural coastal features can be comparable to built
infrastructure, unlike artificial defences, coastal habitats are dynamic ecosystems. From one
perspective, this is an advantage as they may have the capacity to adapt with climate change.
Alternatively, dynamic systems introduce uncertainty that could be a barrier to the wider use
of naturalrhabitats in coastal defence plagiisee Boumat al, 2014). For instance, the
aboveground biomass of coastal vegetation can vary seasonally, which may impact wave
attenuatior(Boumaet al, 2014) Further, the persistence and effectiveness of habitats to
protect theishoreline is site specific, depending on tidal inundation and foreshdre widt
(Boumaet al, 2014). Longterm persistence of coastal ecosystems needs to be predicted on
similar decadascales to engineered structures, but this is hard to assess and can change due
to inherent'ecosystem dynamics, or environmental factors. The latter could beilihefres
the many other anthropogenic impacts simultaneously affecting coastal ecosysteysisialo
climate change, including contaminati@rowneet al, 2015, Myerset al, 1980, Stark,

1998, Starlet al, 2004) extraction of resourcgBuran & Castilla, 1989, Fane#i al,
1994, Lenihan & Peterson, 1998) and introduction and establislierasive species
(Ruiz et al,.1997)

Altheugh/there is evidence for the protective role of coastal habitats, global losses of
these habitats'is as high as 85% for oyster reefs (&eak 2011)and 50% for coral reefs
(Hoegh-Guldberg, 2014) and ctalsvetlandgDavidson, 2014). Often, habitat destruction is
greatest around the most densely populated areas, ironically where the arpanans is
greatest during erosion and flooding. This has driven an emerging interest in restoring or

creating haltats for coastal defen¢@gemmermaret al, 2013).

I ncor por ating ecological engineering into coastal defence planning

Economic costs for coastal adaptation to climate change using hard infrastructure is
substantial. Additional costs of US$14-billion per year are estimated for the coastal
engineering protection measures required with projected climate change ovedt th@ ne
years(Parryet aly 2009). Equally, it has been well documented that building infrastructure in
intertidaland subtidal systems has a number of negative ecological irtipalétsi &

Chapman, 2010For example, artificial coastal defence strucwften support less diverse
communities than natural habitats (e.g. Chapman, 2003), with greater numbers of non-native
speciegDaffornet al, 2009). This change in assemblage composition is likely to affect

ecosystem functioning in artificial systemagdaconsequently the services important to
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humans (e.g. food provision), although this remains an understudiedBaperi &

Chapman, 2015)lo mitigate impacts of built infrastructure in the environment, there is an
increasing interest in ecologicalgneering, which is combining ecological processes with
engineering principles to develop infrastructure that benefits both humans ared Makoh

& Jgrgensen; 2003 oastal ec@ngineering research to date has ranged from ‘hard’
‘hybrid’ to fsoft” solutions (Chapman & Underwood, 2011, Fig. 2).

Hard eceengineering

In principle, hard ec@ngineering is a solution to the ecological impacts of built
infrastructure in areas where there is not an option to manage shorelines using soft
engineering techniques. For instance, in coastal cities that are denselyqubthdat may
insufficient'space to create or restore habitats for coastal déeogmaet al, 2014).

Equally, eco=engineered habitats can be retrofitted onto existing infrasts(@afforn et

al., 2015b; Fig. 2b). For example, much research has focussed on adding microhabitats, such
as wateretaining features and crevices, to marine infrastructure to increase the overall
heterogeneity ofisubstrata and the diversity of organisms living on that structureng@h&p
Underwood, 2011)Techniques for hard ee@ngineering have been extensively reviewed
recently, and'therefore are not addressed in this f@papman & Underwood, 2011,

Daffornet al,.2015b, Firthet al, 2016, Firthetal., 2014).

Hard eceengineering has different objectives to soft-ecgineering as ecological
principles are.integrated into the design of existing or planned defencerss,etith the
motivation4o create mukpurpose infrastructure for enhancidigersity and ecological
functioning,»while maintaining defence services. An exception, however, is wherncbard e
engineering promotes the settlement of organisms with a calcium carbonatensfebpt
barnacles), which can shelter the structure fromhegatg and erosion through bioprotection
(Perkol-Finkel & Sella, 2015). Conversely, while soft ecgrineering is advocated as the
preferred approach from an ecological perspe¢dadfornet al, 2015b, MayeiPintoet al,
2017), the created habitat foremost needs to provide sufficient coastal pratectite

future ifthis technique is to replace (or complement) artificial defences.
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225  Hybrid eceengineering

226 An intermediate solution between hard and soft eco-engineering is a hybrid approach
227  (SuttonGrieret al, 2015). Nature-based and built infrastructure in this case are combined to
228  provide maximal,coastal protection benefits (SutBrrer et al, 2015). This provides an

229  opportunity.tesharness the strengths of nature-based and hard uch@sty while minimising

230 the weaknesses of both (SuttGnier et al, 2015) For example, a shellfish reef may be

231 placed in front'of a seawall (Fig. 2c), which could form the first line of defence, thus

232 prolonging theslife of the wall as well as contributing other functions such as vitaétioh

233  and biodiversity enhancement. On the other hand, the semmaltovide protection during

234  reef formation. New initiatives could involve removable walls after the establishment of

235 naturebased/infrastructure, erider use okeawalls with gates that can be opened and closed
236 in extreme"event&SuttonGrier et al, 2015). Thus, hybrid engineering might provide novel

237  alternativesstortraditional infrastructure, particularly where soft ergimg alone is not

238  approprate.

239

240  Soft eco-engineering

241 The. diversity of terminologies in the literature that relate to actions inspired or

242  supported by'nature to solve environmental, social and economic problems may have

243  introduced ambiguity around natupased coastal defence (NedSgeret al, 2017). This

244  includes ‘nature-based solutior{lesshoveet al, 2017), ‘soft engineering’ (Chapman &

245  Underwood, 2011), ‘naturkased features or infrastructu(Bridgeset al, 2015),

246  ‘green/blue infrastructurgMayer-Pintoet al, 2017)'building with nature’(de Vriendet al,

247  2014) and/living shorelinegBilkovic et al, 2016). In addition, restoration (defined as the
248  re-creation of habitat that was previously in a particular area, Elliott et al. 2007) and habitat
249  creationerenhanaogent, which is placing a different habitat within an geléott et al,

250 2007) have both been included under nature-based shorelines (Békalj2016).

251  Whichevertheterm used, in general, all practices have in common the promotion @tmatur
252  enhancesclimate change mitigation and adaptation, explicitly as an altetoativeo

253  complement, built infrastructu@esshoveet al, 2017), Fig. 2y

254 Coastal protection may often not be a primary motive in soft engineering proprcts. F
255  example, theastoration of oysters in the United States started with the aim of enhancing

256  fisheries, but since the framework has been used to restore other ecosystem services,

This article is protected by copyright. All rights reserved



257
258
259
260
261
262

263
264
265
266
267
268
269
270
271
272
273
274
275
276
277

278
279
280
281
282
283
284
285
286
287

including coastal defence (Beekal, 2011) Here, we evaluate the current evidence for the
effectiveness of restored or created (hereafter collectively referred to as ‘restored’) dunes,
coral and shellfish reefs, seagrass and kelp beds, mangroves, and saltmarsh as coastal

defence, in comparison to hard infrastructure.

Current evidence for nature-based coastal defence

Avrelatively small percentage of studies reported coastal defence as a primary
objective of'coral reef (18%), mangrove (26%), saltmarsh (16%) and shellfish (26%)
restoration projects, and none for kelp and seagrass (Supplementary methods and Table S4,
Fig. 3). In contrast, over half (65%) of dune restoration studies were for coastaleddfer
coral reefs and mangroves designed for coastal defence, monitoring to detenetimer\the
created habitatthad succeeded in protecting the coast was dwilie ar less, of the studies
(Fig. 3). Arquestionnaireased study on coral reef restoration revealed a similar result, where
19.6% of respondents reported designing reefs to deliver coastal defence servadyg, but
10% reported measuring those bendfiabianet al, 2014). For dunes, saltmarsh and
shellfish coastal' defence projects, field measurements of shoreline erosion and/or wave
attenuation was greater (@0% of projects, Fig. 3). However, all stud{egcept see,

Gittmanet al;*2014)comparedestored habitats to control areas without habitats, leaving a
paucity of information on how natuteased defences compare to hard infrastructure (Fig. 3).

Wave attenuation

Wave attenuation is the reduction in wave height or energy that occurs as aswves p
over coastalhabitats. Created oyster reefs, installed to combat both aatuaaithropogenic
erosion, attenuated 25% of the wave height caused by boating pressures, in comparison to
controls withena‘reefs, and was equivalent to a natural reef (23% attenuatiorn},(3@09).

As might be expected, wave energy reduction significantly increased from immediate
deployment'ofithe oyster reef (18.7%) to one year after establishment (44.7% reduction)
(Manisetaal, 2015). Under the same conditions, newkated and established saltmarsh
reduced 6.9%"and 31.4% of wave energy, respectiiddpiset al, 2015). A design that
incorporated both saltmarsh and oyster reef, however, was the most effective at attenuating
wave energy67.3% after one year; Mangsal., 2015).
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288 Oyster reefs reduced the power of larger wivadves ¢ 0.03 m in height) by 42-44%

289  (Taube, 2010)Restored reefs, however, dissipated less wave energy than a natural reef in the
290 same area (61%). Under some conditions, restored saltmarsh was recorded to dissipate

291 virtually all wave energy, over half of which was within the first few metres of the bed

292 (Knutsonetal;1982). There is likely to be an optimal water depth, however, for wave

293  attenuation by coastal habitats, where decoupling occurs between the surface waves and

294  structure onthe seabed when depth is too great (Knatsadin 1982, Taube, 2010).

295 Theyrate of wave reduction for mangroves can be as high as 20% per 100 m of forest
296  (Mazdaet al, 1997). Further, using vegetation parameters from a restored mangrove forest, a
297  model simulation estimated a 60% wave height reduction, even under presiatkevel rise

298  (Cucet al,2045) Concurrently, field measurements showed that wave reduction of restored
299 mangroves was unaffected by changes in water depth, where mangroves were sufficiently tall
300 (Mazdaet al, 1997). Thus, mangroves may be more eiffecit shoreline protection over a

301 larger range of depths, in comparison to subtidal habitats or low-lying coapttdtien.

302

303  Shoreline respense

304 Shoreline response describes the extent of lateral (i.e., a change in siporstioa)

305 or vertical ersion/accretion to built or natural/natusased infrastructure. The majority of
306 studies@n.shoreline response came from restored dune habitats (Tables S5 andeS6). D
307 restoration for defence takes many forms including the direct addition of sand (i.e.,

308 nourishment).to.dunes and beacfshabet al, 2014, Matia®t al, 2005), the construction
309 of sand ridges with and without hard cores (do Caetrad, 2009, Kratzmann & Hapke,

310 2012, Wamslet al, 2011), and the facilitation of sand accumulation using fences,

311  vegetation and by managing pedestrian access (Antttaady 2007, Johnston & Ellison,

312 2014, Lin, 1996, Milleet al, 2001, Table S3)Jtilising multiple techniques within a site, for
313  example beeh renourishment in combination with sand fences, to build dunes is common
314 (Bocamazeet al, /2011, Khalil & Lee, 2006). Dune restoration in conjunction with more
315 traditional hardsengineering structures has also been applied etzR009, Bocamazet

316 al., 2011, Wamslegt al, 2011).

317 Although few dune restoration studies made meaningful comparisons with control
318  sites, there is some evidence that created dunes can reduce shoreline loss in comparison to
319 non+testored sitefAchabet al, 2014, Diastal., 1999, Matia®t al, 2005). Restoration

320 often results in an initial seaward shift in shoreline position, partigulren sand is added
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321  to the system or when the created dune was constructed seawards of the existing shorel
322 (Diaset al, 1999, Mataset al, 2005). Subsequent post-restoration beach retreat and dune
323  erosion during storms is also frequently repof@@set al, 1999, Kratzmann & Hapke,

324 2012, Matiaset al, 2005, Shibutaret al, 2016) in extreme cases leading to the total

325 removal'of therestored dune (do Caret@l, 2010, Froede, 2010, Garetsal, 2006).

326  Restored dunes are potentially able to function in a manner akin to natural dunes aad rebui
327  following erosive events (Nordstrom et al., 2000). Information on thegpostirecovery of

328 restored dunes is sparse but appears limited due to the negative sediment bugigens, fre

329  erosive events, or poor beach management practises that necessitated construction of the
330 dunes in the first place (Bezzi al, 2009, do Carmet al, 2010, Froede, 2010, Shibutati

331 al.,, 2016)./Overdecadal time scales shoreline stability or net progradation was oeledchi
332 through repeated dune restoration intervent{@&adkkeret al, 2012, Bocamazet al, 2011,

333 Gareset al, 2006, Keijseret al, 2015) or the construction of hybrid eco-engineering

334  structures (do Carmet al, 2010).

335 Created oyster reefs can reduce shoreline loss in comparison to control sites with no
336 reefs, althoughiin some cagés Peyreet al, 2014, La Peyret al, 2013b, Moodet al,

337  2013), but'not.otherd a Peyreet al, 2013a), shorelines continued to erode, albeit less.

338  Shoreline exposure can impact the defence value of oyster reefs, however, data that supports
339  whether reefssare more successful in low (Pigtzd, 2005)or mid- to high energyLa

340 Peyreet al, 2015)environments is unclear. Oysters are the only group of shellfish that have
341  been restored for the goal of coastal defence and these created reefs may be able to match or
342  exceed natural reefs in meeting this objecticklin et al, 2010)

343 Experimental saltmarsh planting in the United States represents some of the earliest
344  examples of creating habitats for coastal def¢loetsonet al, 1981) Planted areas were

345  successfulin stabilising shorelines compared to unplanted areas, with some accretion also
346  observed.(Bennest al, 1982, Woodhouset al, 1976) Equally, coastal stabilisation and

347 land reclamation have been achieved through yeasabbgical engineering with saltmarsh

348 in China (€hung, 2006, Churg al, 2004). The success of saltmarsh plantings may depend
349  on sediment'grain size, length of fetch and shoreline configuration, with greatéveffess

350 in shelteredareg&nutsonet d., 1981). Establishment of saltmarsh, however, may be

351  achievable in more exposed areas using temporary wave bréakdcs& Webb, 1975) or

352 in combination with shellfish (e.g. mussels) to attenuate wave e(fdegycombeet al,

353  1979).
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In the tropics, dificial reefs transplanted with corals were effective in promoting
beach accretion following a period of significant erosion (Arnouil, 2008, Fabialy 2014)
although specific reports detailing shoreline response were unavailable, or not measured for
many coral reef projects (Fabianhal, 2014) Equally, although case studies were presented
where mangroves were planted to provide coastal protection (IFRC, 2tdre) was little
data on the shoreline response to planted mangroves, despite evidence for higher sediment
accretion rates at greater mangrove plantation dengftiesaraet al, 2010). More
commonlyy a hybrid eco-engineering approach to mangrove restoration was reported (Tabl
S3. This involved planting in combination with a breakwater to facilitate sediment
accumulatien and wave attenuation for mangrove establishment (Heishin010,
Motamediet al, 2014, Van Cuongt al, 2015). Although there are no studies on shoreline
protection provided by seagrass and kelp restoration, tests of an artifisiakseaed
installed to promote buitdp of a beach in the United Kingdom showed some accretion over
its lifespan. However, the artificial seaweed was severely damaged by stithms year of
installation\(Priceet al,, 1968)

Flood water. and storm surge attenuation

Flood'water and storm surge attenuation is the ability of coastal habitats te tieeluc
height orduration of flood waters and protect the coast during extresosliegevents (e.g.,
hurricanes). There is less empirical data on the effectiveness of-bate@ coastal defence
for flood water.and storm surge attenuation. Furthermore, even whether natural et®syste
provide effective defence against storms, in particular extreme events, such as tsunami and
hurricanes‘isshotly debatéumar, 2015) Storm events were stated to have occurred in
many studies that observed shoreline response over a number of years (Table S5 and S6),
although the effect of the individual storm event was not necessarily quantifieddiRega
the value of nature-based coastal defence had been predicted to be negligible under storm
surges where the sea level is elevgtauutsonet al, 1982, Taube, 2010), although this is
likely to be habitat and context dependent. For example, observations of an artifaial cor
reef in the,Daminican Republic suggest that while the reef remained stable during two
hurricanes, wave attenuation was not enough to prevent significant beach @fabianet
al., 2014) In contrast, remote sensing data suggested little flooding after cyclones in areas
where there were natural mangroves and for coastal islands that were protected by a

combination of dykes and mangrove plantif§scoet al, 1992)
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In some studies, repeated surveys of restored dunes identified the response of these
systems to storm events. There were mixed results with created dunes withstanding
significant storm events in some cases (Betal, 2009, Diast al, 1999, Harley &

Ciavola, 23, Wamsleyet al, 2011), but failing in othergo Carmcet al, 2010, Froede,

2010). Where'measured, the surviving created dunes protected against overwash compared t
adjacent nordunal areas or areas where dunes had been des{rtamely & Ciavola2013,
Wamsleyet al, 2011). Smaller narrower dunes are more frequently destroyed by wave action
than larger ones but can also be rebuilt qui¢kigrdstromet al, 2000), and in the
appropriate.environments can accord the desired protective fufidadry & Ciavola,

2013) Dunes constructed close to the sea were frequently efddé€thrmeet al, 2010,

Froede, 201Q)while those constructed further inland were able to accumulate sand even
during storm event@Miller et al, 2001). A wide, high beach can minimise dune erosion and
serve as a source of sand for dune buildBegziet al, 2009, Bocamazet al, 2011)

although erosion of artificially elevated nourished beaches can also limit aeolian processes
and dune growtkDiaset al, 1999, Jacksoatal., 2010). The frequency and magnitude of
erosive eventsyand the use of hybrid-engineering methods also influenced dune survival
(Anthonyetal,,2007, do Carmet al, 2010, Mendelssohet al, 1991, Wamslegt al,

2011).

The mest compelling evidence for effective protection by ndtased coastal
defence is provided b@ittmanet al. (2014)for created saltmarshes with sills (rock or oyster
shell seaward of marsh) after a hurricane in the United States. Following the hurricane, storm
damage wageported for 76% of bulkheads protecting shorelines, whereas no damage was
found for restored marshes with sills. From before to after the hurricane é&esatwias no
effect on marsh surface elevation, although vegetation density was reduced. Afteaigne y
however, the vegetation had recovered tolpneicane level§Gittmanet al, 2014) This
study exemplifie’s the approach that should be taken in assessing soft versosdtadit
engineered-shareline protection schemes.

Traditionalwersus naturdased coastal defence

We extracted data from 15 and 23 studies for wave attenuation and shoreline
response, respectively, for inclusion in our meta-analysis. In addition, we undertook a
gualitative review for those studies that only presented written statements about their results

(n = 76; Supplementary methods). Studies on either or both artificial and basse-
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infrastructure occurred in many countries throughout the world, although a cleatHotsp
this research was the United States (Fig. 4). A faptdysis was possible for wave
attenuation for saltmarsh, oyster reef and breakwéensrgent and submerged combined,
Supplementary methods, Tableabid shoreline response for saltmarsh, oyster reef, dunes,
coral reefs and-breakwatdEmergent and submerged combined). Further, a qualitative
review of the effect on shoreline response of mangroves, emergent and submergent
breakwaters, groynes, revetments and sea#dlsle 1) as well as additional papers on
coral reefssand dunes wasrnz.

Breakwaters significantly reduced wave height by 45% (n = 7; 14 - 90%; Fig. 5a,b).
There was no significant effect, however, of saltmarsh (n =674P%) or oyster reefs (n = 2,
26 — 27%)n‘'wave attenuation (Fig. 5a,b). Coral reefs and breakwadesissignificant
accretionary effect on shoreline response (Fig. 6a). In addition, the proportiodie$ shat
cited accretion in the qualitative review was significantly different among habats (
77.14,d.f. =7, P <0.001). There was, howevesigoificant effect of restored saltmarsh,
oyster reefs and dunes on shoreline response (Fig. 6a). as, diis result contrasts with
the qualitative.review, where a greater proportion of studies reported acdfat. 6b),
which likely,reflects therall sample size in the megenalysis. All studies on mangroves
reported accretion following mangrove planting, which in some cases was in coarbinati
with a temporary breakwater to facilitate mangrove establishment (Fig. 6b). A greater
proportion of studies on emergent breakwaters reported shoreline accretion, henosioer
was more often the result of submerged breakwaters (Fig. 6b). Similarly, shoreline retreat
was also reported in a greater number of studies for seawalls (Fig. 6b).

For saltmarsh, tkiresult is in direct contrast to a recent ragtalysis, which showed
a significantly positive effect of natural, intact saltmarsh on shorelindisgion and wave
attenuationSheparcet al, 2011). The obvious point of distinction is the meta-analygi
Shepard.et.al..(2011) included more studies, but only two (wave attenuation) and three
(shorelinerehangg)apers included here looked at restored saltmarsh, highlighting the need
for more researchn the coastal defence value of restored habitats.

Currently, the evidence for the efficacy of restored habitats versus traditional
infrastructure suggests that restored coral reefs, mangroves and dunes cquiddlers to
artificial structures at maintaining or building the shoreladthough more quaitdtive
evidence is needed for these habitats. The effect of saltmarsh and oyster reefs was, however,
more variable and did not show a significant effect on shoreline response or wauvataih

in comparison to breakwaters. Variability in results among studies highlighteedem
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identify not only whichhabitats are effective at providing coastal defehaéalso under

what range of physical conditions (i.e. what locations and types of environmentisgrFast

with natural habitats (e.g. Shepatdhl. 2011) the design of soft engineering projects (e.g.

tidal height, length and width, density of organisms) imlbact effectivenesd hus,the

design elements that contribute to the success or failure of +etsee coastal defence need

to be identifed. Interestingly, a greater proportion of studies on seawalls and submerged
breakwaters reported erosion compared to accretion. These are structures that are commonly
and increasingly used as coastal defence, but equally can result in adverse impawts in s
areagRanasinghe & Turner, 2006).

Comparisons between traditional and soft engineering approaches, however, are
difficult if they have not been tested under the same environmental conditions. Indeed, for
those studies that recorded the tidal and average significant wave heights at the study area, a
greater percentage of soft engineering structures were tested under smaller tidal (n = 30;
micro- = 70%; meso= 27%; macretidal = 3%) and wave energy conditions (n = 14;
significant'wave height € m = 79%; < 2 m = 21%, Table S5 and S6). In comparison, studies
on artificial.struetures included a higher percentage tested under larger tidal (n = 24=micro
54%; meso= 13%; macretidal = 33%) and wave energy conditions (n = 14; significant
wave height'<T'm = 42%; < 2 m = 25%;M = 33%, Table S5 and S6). Further, as many
studies only monitored over short-time periods (months to years) following tesipthere
is limited information on the lonterm effectiveness of the created habitats (Tablartl
S6). Thus, while soft engineering structures offer the potential foimpact, effective
coastal defence, until there is a greater number of studies globally to test the value of these
shoreline protection schemes, their wider use in place of artifioigitgres is likely to

remain relatively limited.

Cost-benefit.of .natur e-based coastal defence

Nature based coastal defence needs to be effective and have an equal or greater cost
benefit when ceampared to traditional infrastructure. As there are few studies that make
comparisens between the effectiveness of ndiased and traditional defences, it is
unsurprising there is also a lack of data for-sgecific costbenefit comparisons. This is
regarded as one of the significant challenges for widespread use of habitats for coastal

protection(Narayaret al, 2016).
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A recent synthesis estimated the cost and effectiveness of-bated coastal
defences through pairing information on restored habitats for defence with nektlojafee
on wave attenuation at natural habi{@®sarayaret al, 2016) This was integrated with
engineering knowledge to @sate the costs of coastal defence if the equivalent was achieved
with a submerged breakwater. Saltmarsh and mangroves were the only habitats with
sufficient data for comparison, with both being assessed asftestive alternatives to
traditional infrastructure. Similarly, Ferrarg al. (2014)reported a comparable range of
wave height reduction for coral reefs and lorested detached breakwaters, and significantly
cheaper casts for coral reef restoration in comparison to building tropickateas.

Ideally, however, to produce more accurate-testefit analyses for the habitats
reviewed, field measurements on the effectiveness of nRbased coastal defence as well as
the costs asso€iated with their creation/restoration should be reportediqrejgct.

Importantly, data for the coastal protection benefits of existing natural habitats may not
necessarily translate to nattvased projects for defence because of thetnéidehat can

occur when restoring or creating these systems (see bé&lomber, comparing the cost

relative to the.effectiveness of the single service of coastal protection will result in
undervaluing ‘nature-based approaches, which are expected to provide a number of additional

ecosystem services.

Additional ecosysteservices

Onerationale for natueased coastal defence is the assumption that they will provide
other ecosystem services in addition to coastal protection (Zall¢ith the global decline
in natural estuarine and coastal systems, there is much tnteeesnomically valuing the
services provided by these habitats to leverage their conservation and es{Beatiieret
al., 2011). To accurately evaluate the benefits of using naased coastal defence, cost
benefit analyses need to include all ecosystem services provided-bggneered and
traditional coastal defence. However, created or restored habitats may not be effective at
providing the same suite of services as natural ecosy$Bilkavic & Mitchell, 2013)
Thus, monitoring of restordtabitats needs to include an evaluation of all ecosystem services
relevant to that habitat, in addition to coastal protection.

With restoration for coastal defence, traafes among ecosystem services can occur
due to the fact that coastal protectiopiesdominantly needed during extreme events, which

may result in different requirements for particular features of a habitat compared to
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biodiversity conservatiofvan Loon-Steensma & Vellinga, 2018) particular, ecological
tradeoffs may occur with hytid coastal protection that incorporates structural elements to
facilitate restored habita{Bilkovic & Mitchell, 2013) For instance, created saltmarsh in
combination with a stabilising structure, such as apoafile rock sill is increasingly used in

the United States for shoreline protection, as well as to restore coastal habitat. Marsh sills,
however, supported epifaunal suspension feeders, such as oysters, which colonis&d the roc
sill and a lower deposfeeding infaunal biomass than natural masgB#kovic & Mitchell,
2013). Asdeposit feeders are important for bioturbation and nutrient cycling, incorgorat
marsh sills for coastal protection may result in a tr@ffiéor this ecological service provided

by saltmarsh systems. A greater numidesuspension feeders, however, could increase water
filtration and thus the water quality servid@lkovic & Mitchell, 2013).

The reviewed restored coastal habitats are commonly evaluated for their effectiveness
at maintaining biodiversity (Tab®. Fa coral reefs and kelp, other ecosystem services, such
as fisheries provision and nutrient cycling have not been evaluated, whichyiglliketo the
shorter history of restoration efforts in these habitats. There is evidence that restored
mangrovesgsaitarsh, seagrass and shellfish reefs can provide similar ecosystem services to
natural hahitats; although some gaps remain such as nutrient cycling in mangrovéss fisher
provision for seagrass and provision of raw materials and food for saltmaldé Pla
Equally, an evaluation of additional ecosystem services potentially provided myeadrtif
structures is largely unknown, beyond patterns of biodiversity between artifioetiuses
and natural shorelines (Bulleri & Chapman, 2010).

Artificial structures introduce a novel substratum into the marine environment, which
can be colonised by organisms. It has been well documented that madarstructures
generally support less diverse assemblages than natural h@bgatShapman 2003), with
greater numbers of non-indigenous spe(idforn et al. 2009) Thus, artificial structures
cannot be'considered to provide the same biodiversity provisioning services als natura
habitats. In'some areas globally, however, artificial structuresasusbawalls are colonised
by large numbers of filter feedgis.g. oysters, Scanesal, 2016) Whether the organisms
living on_ceastal defence structures have the same filtration capacity as those on natural
substrata, andshow this contributes to water quality services is yet to be tested. Similarly,
artificial structures can be associated with diverse fish assemijfameler & Booth, 2013).
Whether this is due to the attraction of existing biomass or new production ofdtdhrist
well resolved so the contribution to fisheries provisioning is difficult to quantify (Bohnsack,
1989).
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Hard ecological engineering may also be used to enhance biodiversity and ecosystem
functioning of coastal defence structures (Chapman & Underwood, 2011, Detfedrn
2015a). Although it is unlikely that hardened shorelines will be able to providentigesséte
of ecosystem services as softer habitats, comparisons of all ecosystem services across

restoredrand-artificial habitats are required to make relialsiebenefit comparisons.

Conclusions

Uptakerof naturdsased coastal defence depends on its acceptance as an alternative to
traditional/engineering solutions. Support needs to come from a number of stakeholder
groups including coastal managers, engineers and the (NbBshéveet al, 2017) For
this, we need rigorous data that assesses the costs and effectiveness of habitats created for
protectionte'mitigate coastal hazards. It is clear that for most of the habitats reviewed, the
data is arrentlyslacking. This is highlighted by the meta-analysis, for which we found very
few studieS on the coastal defence value of restored habitats to make comparisons to artificial
structures. Collaborations among stakeholders, such as scientists, coastal managers and
engineers, are required to facilitate the necessary regeadsntify which restored habitats
provide effective coastal defence, where those habitats work and what is thedigsito
implement Ideally, naturésased defences should be @amred directly in the field to an
artificialgstructure at a location under similar conditions, with ecosystem services of interest
evaluated before and after the creation of habitat (and traditional infrastructure) at
experimental sites relative to unaltered control gi#®mpman, 1999). Alternatively, the cost
of an artificial structure to achieve the same coastal protection as a soft engineered shoreline
can be estimated in celsénefit analyses if the opportunity to compare nabased and
traditional/infrastructure in the field is not possifdensuNarayanret al, 2016)

Where soft engineering approaches are established, a remaining challenge is how to
estimate their persistence over similar decadal scales to engineered st(Bctunezet al,

2014). At least for dunes, different restoration designs may allow for differers l&vel
dynamism in thel syste(Nordstromet al, 2011). However, managing naturased coastal
defencefor._engineering resilience by promoting constancy and predictaiaijitgome at a
cost to ecological resilience, when it is precisely this variability that allows natural
ecosystems to absorb disturbances and remain ¢kidileng, 1996). Adopting soft
engineering practices will thus necessitate a change in the way veaepphe design and

evaluation of coastal defence infrastructure. This change in mindset needs to happen now as
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586  our rapidly changing climate requires new and innovative solutions to reduce the
587  vulnerability of coastal communities to an increasingly uagefuture.
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Structure Definition

Groyne Narrow, shore-perpendicular structure built on the shore extending
the surf zone for shoreline stabilisation

Emergent breakwater  Offshore barrier built parallel to the shore for wave attenuation and
shoreline stabilisation. Crest positioned above still water height.

Submerged breakwater Offshore barrier built parallel to the shore for wave attenuation and
shoreline stabilisatiorCrest positioned below still water height.

Revetment Shore-parallel sloped structure built to reduce inundation and prote:
land behind from erosion.

Seawall Shore-parallel vertical structure built to reduce inundation and prote

land behind from erosion.
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1004

1005 Table2. Other.ecosystem services provided by a) natural habitats, b) restored habitats and c)

1006  hard coastal/defences.indicates ecosystem service is provideddicates ecosystem

1007  service is not provided, ? data are not available.
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Seagrass 4 v v v v v' Barbieret al.(2011)
Shellfish reef v v v v x v Becket al.(2011)
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1009
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1011  Fig. 1. Coeastal hazards and protection services provided by natural habitats.
1012
1013  Fig. 2. Ecological engineering incorporated into coastal defence infrastructure fiaomge
1014  hard to soft approaches. a) Traditional seawall, b) Seawall with-vediééning features to
1015  enhance biodiversity, c) Oyster reef in front of seawall, d) Creatgdraogef with saltmarsh
1016 and e) Natural mangrove forest.
1017
1018  Fig. 3. Heat:imap of the number of restoration projects implemented for diffeag@igement
1019  objectives. ‘Measured’ refers to the number of projects implemented for coastal defence that
1020 made field measurements to determine their effectiveness. ‘Vs. artificial’ refers to the number
1021  of projects that made comparisons between soft and traditional engineering shoreline
1022  protection:
1023
1024  Fig. 4. Map of the location and number of studies included in the review. The smatkest ci
1025 represent b studies, the largest represents5@studies.
1026

This article is protected by copyright. All rights reserved



1027
1028
1029
1030
1031
1032
1033
1034

Fig. 5.a) Results of the metanalysis (log response ratios and 95% confidence intervals)
testing the effects of different habitats (black = nahased, grey = artificial) on wave

attenuation. b) Graph of the percentage wave attenuation (95% confidencespterval

Fig. 6.Results'of the a) met@analysis (Hedge’s g standard mean difference effect size and
95% confidence intervals) and b) qualitative analysis (proportion of studies citirggiow)
testing the effects of different habitats (black = nathased, grey = artificial) on sediment

stabilisation.
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