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Shoreline erosion and storm tide inundation increasingly threaten coastal populations,
infrastructures and economies. Hard infrastructure, known as grey infrastructure (e.g.,
concrete seawalls), has commonly been used to protect coastal communities but is
expensive to build, maintain and deteriorates coastal vegetation. Green infrastructure
(e.g., restored or conserved mangrove and marsh ecosystems) delivers nature-based
coastal protection but in comparatively lower-density coastal areas. Nowadays a more
popularized approach to coastal protection is hybrid eco-engineering. In this study, we
discuss lessons-learnt on how the hybridization of engineered structures and wetland
restoration practices compare with traditional grey and green approaches. We contrast
hybrid applications in mangrove and tidal marsh areas in the UK and south-east Asia.
The majority (70%) of successful hybrid infrastructure cases were underpinned by
understanding of ecological and hydrological changes in response to infrastructure and
involved a wide range of stakeholders. In terms of construction and maintenance cost,
limited data suggested that hybrid infrastructure may be more cost effective than grey
infrastructure, but more expensive than green; however, data was very limited and
therefore we suggest need for further cost-benefit analyses to inform a robust
comparison. Development of new technologies should see growing efficacy of future

hybrid infrastructure in mitigating coastal flood risks.

Keywords: hybrid infrastructure, grey infrastructure, green infrastructure, eco-
engineering, climate change, coastal flood defence, flood risk reduction, coastal
ecosystem, restoration, nature-based solution, wave attenuation, land accretion rate,

erosion control.



Introduction

Coastal protection is an important issue for human well-being, recognized as far back as the
13" and 14™ centuries (Charlier, Chaineux, and Morcos 2005). In a changing climate, with
potentially more frequent or severe storms (Young and Ribal 2019; Babcock et al. 2019;
Rézynski, Hung, and Ostrowski 2009) and coupled with sea level rise, it is becoming
imperative to find sustainable coastal protection solutions. Nicholls et al. (2007) reported at
least 40 million people and USD 3,000 billion of assets are highly exposed to coastal
flooding, projected to rise to 150 million people and USD 35,000 billion of assets by 2070.
Moreover, the risk of coastal flooding is projected to rise (Rahmstorf 2017) due to the
increasing trend of extreme wind speed and wave height (Hemer et al. 2013; Young and Ribal
2019; Hinkel et al. 2014), sea level rise and intensification of tropical cyclones (Woodruff,

Irish, and Camargo 2013).

Land managers seek the most efficient ways to reduce coastal flood risks and traditionally
have used grey or green infrastructure. Grey infrastructure represents conventional
engineering — i.e., hard constructions such concrete seawall, breakwaters, groins or dikes.
Green infrastructure on the other hand, relies on restoring or conserving coastal wetlands to
produce natural buffer from storms (Borsje et al. 2011; Temmerman et al. 2013), such as
wetlands, barrier islands and reefs (Tibbetts 2006; Chowdhury et al. 2019). However, over the
past few decades there was growing interest in hybrid infrastructure combining grey and
green approaches to flood defence where restoration and/or conservation of coastal wetlands

is supported by “soft” engineered structures (C. S. Smith et al. 2020):

e Grey infrastructure. Traditionally, grey infrastructure — such as breakwaters and
seawalls — is built to protect populations and infrastructure against coastal erosion,

high wave energy and storm impacts. Structures parallel or perpendicular to the



shoreline, of varied design and materials make them suitable for many kinds of
situations especially when space is a limiting factor. As a result of relatively low
spatial requirements, grey infrastructure may be readily in densely populated
urbanized areas where space is a limiting factor (Bulleri and Chapman 2010). This
hard engineering practice has been studied for hundreds of years and carries sense
of certainty in relation to their protection capacity, infrastructure’s design and
durability but their failure is inevitable (Vallero and Letcher 2012; Galili et al.
2019). Unreliability and negative impacts of grey infrastructure on the
environment stimulated growth of studies on eco-engineering solutions to coastal
flood risks, such as hybrid infrastructure, in the last decade (Gittman et al. 2016;
O’Shaughnessy et al. 2020).

Green infrastructure refers to using or restoring coastal ecosystems such as wetlands,
dunes or reefs to enhance coastal resilience and mitigate shoreline erosion. Coastal
vegetation mitigates shoreline erosion by attenuating wave energy, increasing soil
accumulation and binding soils together which strengthen soil cohesion and
consequently decreases vulnerability to erosion (Dasgupta et al. 2019; Krauss et al.
2014; Lo et al. 2017). As waves flow through a wetland, the complex vegetation
structures increase friction which dissipates wave energy and promotes energy
reflection in the offshore direction (Duarte et al. 2013; Yoshihiro Mazda et al. 2006;
Y. Mazda et al. 1990). In addition, sediment deposition increases as wave energy
dissipates and particulates settle out of the water column (Kathiresan 2003; Vermaat
and Thampanya 2006). Sedimentation processes in coastal vegetation increase soil
organic matter which is suggested to be less vulnerable to erosion than mineral soils
(Feagin et al. 2009) and help mitigating climate change through sequestration of

atmospheric carbon dioxide (Taillardat et al. 2020; Gulliver et al. 2020). Green



infrastructure may provide prolonged coastal protection with minimum maintenance

within suitable coastal areas (Arkema et al. 2013). However, green approach requires

larger space compared to grey infrastructure. For example, provision of coastal

protection by 20 m wide mangrove swathe, located on mudflats, is comparable to 5 m

seawall (Anthony and Gratiot 2012). Similarly, a 100 m wide saltmarsh swathe can

fully attenuate high tide waves (Yang et al. 2012). More, green infrastructure presents

an ability to self-sustain under changing coastal conditions driven by hydrodynamic

processes, anthropogenic activities, and vegetation expansion (Ruckelshaus et al.

2016).

Hybrid infrastructure. In this paper we focus on hybrid approaches to coastal
defence infrastructure which incorporate elements of green and grey engineering.
Hybrid approaches seek to improve coastal protection as well as promote benefits
from wetland ecosystem service, for example, enhanced fisheries, support
biodiversity, and sequester carbon (Sutton-Grier, Wowk, and Bamford 2015;
Macreadie et al. 2017). While there are many hybrid approaches, here we focus
primarily on those where permeable walls are constructed to attenuate wave
energy to provide favourable conditions for coastal vegetation (Van Cuong et al.
2015), or seawalls are breached to reintroduce tidal regimes that allow dispersion
and establishment of marsh vegetation (Wolters et al. 2005). These hybrid
approaches facilitate restoration of new coastal vegetation and act as a cost-
effective buffer that protects inland settlements and secures provision of numerous
ecosystem service (Boorman and Hazelden 2017; Tovey, Pontee, and Harvey
2009; Winterwerp et al. 2020). Overall, hybrid approaches aim at combining the

advantages of grey and green infrastructures and minimising the disadvantages,



such as by limiting negative environmental impacts while providing low-cost

protection to withstand low-frequent extreme events.

In this study, we compare the effectiveness and benefits of hybrid versus grey or green
approaches for coastal flood defence. We approached this study in two phrases. In the first
phase we broadly screened literature for studies that reported on the application of hybrid
infrastructure to reduce coastal flood risk. This first search (described in detail below)
revealed an enormous quantity of literature (5,806 hits, Fig. S1) — a volume that was too great
for detailed investigation. It did, however, provide valuable insight into the scale of search
being done in this field, historical trends, and justification for projects. Therefore, we sought
to narrow down the scope, which was done through a second phase that involved progressive
screening against a list of criteria (described in our methods), which ultimately led to a details
comparison of application of hybrid infrastructure in coastal mangroves across south-east
Asia and tidal marshes in the United Kingdom. The reason we focussed on these two regions
is because: 1) they vary tremendously in terms of economies, environment, and sentiments
towards wetlands; and 2) they contained highly detailed information (both grey and scientific

literature) that allowed for useful comparison against a set of specific criteria of interest.

Through our qualitative comparison of grey, green and hybrid approaches for coastal

protection, we sought to understand the following:

(1) How efficient hybrid approaches can be in comparison to grey and green infrastructure
in mitigating coastal flood risks?
(2) What future research is needed to improve the success of hybrid approaches for

coastal flood defence?



Method

We conducted a literature search for well-described hybrid infrastructure case studies that
were aimed at reducing coastal flood risk. We focused on hybrid infrastructure projects that
involved mangrove or tidal marshes to fulfil the ‘green infrastructure’ component. We
searched both the scientific and grey literature via Google Scholar and Web of Science
(accessed 2 November 2017, Fig. S1, Table S1) using the following search terms: “wetlands

99 ¢

restoration” and “coastal erosion”, “coastal green infrastructure*”, “coastal hybrid
infrastructure*”, “coastal protection strateg*”, “tidal marsh restoration project*”, “mangrove
restoration project*”, “building with nature project*”, “managing coastal erosion with

b9

ecosystems™,

b1

mangrove coastal protection”, “tidal marsh and coastal protection”, “soft
engineering”, “living shoreline*”. The search hits were progressively reviewed and eight
hybrid infrastructure case studies from each of two ecosystems, within two distinct regions,
were then selected (mangroves and tidal marshes). We selected case studies that satisfied the
following criteria: 1) detailed information available on the project such as project
implementation, location, project duration until completed, project monitoring time, cost,
outcome; 2) represent widest possible diversity of hybrid approaches to reduce coastal flood
risks involving mangroves or tidal marshes within one region for ease of comparisons; and 3)

conduct a monitoring program for at least a year to investigate the long-term dynamics of

natural landform adjustment and ecosystem.

In addition, we screened the literature on three flood defence types (grey, green and hybrid)
for the cost data to be able to compare their implementation in financial terms. To compare
price of multiple flood defence types we implemented methods by Narayan (2016) where the
cost of projects was expressed per length (m) of seaward defence line. Where data on seawall
length were unavailable these were obtained from Google Earth based on the project location.
Additionally, we extended the cost data acquired from reviewed case studies to studies

7



available worldwide. All reported costs were standardised to 2019 USD equivalents using
adequate exchange rates and Consumer Price Index (CPI) inflator indices (FXTOP 2019) and

reported in main text as means + standard error (SE).

Results

We progressively reviewed 235 of 5,806 entries of which 15 entries met our criteria (Fig. 1,
Table 1, Table 2) and clustered within two regions: south-east Asia (n=7) and the United
Kingdom (n=8). Of 15 entries, ten case studies reported here were published in grey literature

(reports).

Mangrove hybrid projects

Implementation

Mangrove-based hybrid flood infrastructure projects are characterized by broad participation
of stakeholders from the public and private sectors, starting from consultation and planning
stage through to the construction of permeable walls [A1, C1, D1, Fig. 2]. The case studies
that did not report ecological and socio-economic indicators here (40%) underscore the
importance of such indicators prior to the implementation of hybrid flood defences. Failure to
recognize indicators such as soil/water conditions, sediments movement and hydrology but
also local farming needs, may significantly reduce the success of coastal restoration projects

(Kodikara et al. 2017).

All hybrid infrastructure projects reviewed here aimed at rehabilitating mangroves by
constructing a permeable wall in front of the shoreline. These permeable walls were designed
to control hydrodynamic conditions to improve conditions for mangrove growth, mainly
through attenuating high wave energy and increasing sediment accretion rates. Such

conditions help decrease shoreline erosion and increase mangrove seedling establishment



(Hashim et al. 2010). Permeable wall structures were constructed from either local raw
material such as Melaleuca sp. or bamboo [A1l, C1], artificial oyster reefs [D1, B1],

breakwaters made of concrete or gabion baskets [E1, F1].

In most (80%) case studies, mangrove seedlings were actively planted (from 10 to 25
thousands seedlings ha!) while the remainder of case studies allowed for their natural
dispersals into restoration areas. In one case [A1], natural dispersal of propagules was
estimated as too low and natural recruitment was enforced with enrichment planting. The
most common planting method was to transplant nursery-raised ~50cm seedlings into the
restoration zones where sufficient amount of sediment has accumulated. Additional protective
measures such as plastic bag [C1] or coir logs of coconut fibre [E1] were used to protect

freshly transplanted seedlings from wave action.

Outcome

We analysed the selected case studies (Table 1) with focus on performance of hybrid
infrastructure in relation to their coastal flood defence functions i.e., land accretion, wave
attenuation, survival of planted vegetation, and also their ecosystems service co-benefits. All
hybrid flood defence projects incorporated monitoring schemes to assess their success.
Monitoring time following project completion ranged from one [E1, F1] to 22 years [G1].
Hybrid infrastructures showed measurable advantages over green infrastructure [B1]. For
example, coastal vegetation expanded seaward behind the artificial reef structure and retreated

landward in no-reef control site [B1].

Mean land accretion rates ranged from 290 mm yr™! [B1] to estimated 500 mm yr! [A1]
following the construction of permeable wall structures. These permeable structures stabilized
the substrate and allowed mangroves to recruit and establish. The re-established mangroves

protected by permeable walls accreted sediments at various rates depending most likely on
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number of geomorphic and socio-economic settings they grew in. For example, high sediment
transportation reported in Demak case study [A1] was caused by expansive deltaic shoreline
topography but also it was a legacy of intensive aquaculture practices in the past that led to
ongoing shoreline erosion. The case study from Bangladesh [B1] further demonstrated an
additive effect of permeable walls on local sedimentation rate; land accretion within hybrid
flood defences (290 £12 mm yr'') was higher when compared to green coastal defences only
(125 +45 mm yr'!). Land accretion rates reported for mangroves (green infrastructure) in
south-east Asia, ranged from -2 to 20.8 mm yr"!' and were relatively low (Chaudhuri,
Chaudhuri, and Ghosh 2019) when compared to hybrid infrastructure. Grey infrastructure is
known for having largely negative effect on land accretion (Morris et al. 2018). Grey
infrastructure generally weakens with wave and storm impacts, leading to exacerbation of

erosion in adjacent areas and ecosystem fragmentation (Bulleri and Chapman 2010).

Survival of planted seedlings in reviewed case studies ranged from 0.15% [G1] to 75% [F1]
three years after planting and was strongly affected by selection of species. For example,
Avicennia alba recorded higher survival within silt trap barrier (44%) compared with
Rhizophora apiculata (14%) in the Mekong Delta within the Gulf of Thailand [C1]. Planting
technique resulted in 2-fold differences in survival as reported in Carey Island study [F1],
with clumping technique being more successful (75%) compared to uniform planting (30%).
For planting activities to be successful, local geomorphological conditions, such as
sedimentation rate, tidal activity, salinity should be accounted for beforehand. Importantly,
coordination between construction of hard structure and planting activities is critical to the
success of mangrove-based flood defences as well. Low survival of mangroves reported in the
case study from West Kalimantan [G1] was due to allocating little time for sediments to
accrete and stabilize after erecting hard flood-defence structures. When compared to survival

of seedlings reported for natural mangroves in south-east Asia, ranged from 73-87%
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(Rafdinal et al. 2020), or 5-50% within mangrove restoration projects (Lee et al. 2019),
hybrid approaches shown capability to reach near-natural efficiency. Often, sedimentation
processes need to be more carefully studied to increase survival of seedlings within hybrid
structures. Active sedimentation following the construction of harder structure may suffocate

the roots and salinity above 25 PPT may further decrease plant survival [F1].

Successful restoration of mangroves as part of hybrid flood defence structures benefited local
economies comparable with ecosystem services provided by green infrastructure only, for
example by sustaining aquaculture and raw material production [A1, C1]. The profitability of
aquaculture is directly linked to the capability of mangrove ecosystems to provide water
purification and nursery services for local fish and shrimp species. Other branches of coastal
economies can profit from sustainable harvesting of raw materials such as leaves, bark and
wood that can be used as fuel, fodder or construction materials. More, hybrid infrastructure in
mangrove ecosystem settings can provide long-term vehicle to sequester and store
atmospheric carbon that can be traded against major carbon polluters if included in the

market-based climate mitigation policies (Ullman, Bilbao-Bastida, and Grimsditch 2013).

Tidal marshes hybrid projects

Implementation

Implementation of hybrid infrastructure in tidal marsh habitats (via managed realignment,
Table 2) is due to the ageing grey coastal defences no longer protecting the coast from risks
such as sea level rise or have been damaged by extreme events. For example, it has been
reported that over the past 100 years, coastal profiles have steepened in nearly 50% of
England’s shoreline due to increased erosion, particularly on coasts protected by grey

infrastructures (MCCIP 2008).
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Managed realignment projects require acquisition of new (mostly landward) areas adjacent to
existing seawall that would be subsequently converted into tidal marsh. The acquisition of
mostly agricultural land, as explicitly mentioned in two cases [C2, E2], is described as
complex because it competes with other land uses [B2, E2] (Esteves 2014). Managed
realignment projects are perceived as giving valuable land back to the sea and met with low
social acceptance [see cases: A2, C2, D2, E2, G2]. Therefore, success with these projects
involves substantial consultancy with numerous stakeholders. Local authorities, businesses,
residents, farmers are consulted in most cases and take part in the decision-making process.
These social processes are highlighted in four cases [A2, B2, C2, E2, H2]. For example, the
Freiston case [C2] emphasized the difficulty in finding public support due to lack of
confidence in the outcomes of the project. Once approved, the managed realignment projects
progressed through a series of stages to breach the seawall causing adjacent land to become a

tidal marsh.

The next step following social acceptance is site suitability assessment, focussing on site
sediment dynamics and hydrology, and environmental impact assessment of potential
managed realignment. Subsequently, design of the realignment scheme is determined
according to the suitability assessment and supported by modelling activities [see cases: A2,
B2, E2, F2]. Models assist in estimating the optimal position, size of the breach, the location
and depth of creeks and channels in relation to projected flooding events. Engineering works
are commonly necessary in order to prepare the site to be exposed to a tidal regime and to
promote tidal marsh vegetation establishment - key factor to successful defence against
floods. For examples [see cases: A2, B2, E2, F2], earthworks include excavation of channels
and creeks to divert and drain water, and levelling operations to enable the vegetation to
colonize the flooded areas. Vegetation can only occur when the substrate is elevated to the

level and above the mean high water neap tides (1.71 m in the North Norfolk, UK), hence
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quality levelling works are critical to successful colonization by marsh plants (Davy et al.
2011). The import of suitable sedimentary material is often required to achieve levelling
operations, this material should be carefully selected on its properties and provenance to avoid
contaminations by heavy metals and herbicides that could disrupt the natural colonization of
the marsh (Boorman and Hazelden 2017). More, the sediment properties used for levelling
properties, such as compaction (Wolf, Rejmankova, and Cooper 2019) and resistance to

erosion (Feher, Willis, and Hester 2018) could greatly affect plant colonization.

In all cases, the construction landward of a new sea-defence line is also undertaken i.e., an
additional flood bank or an embankment are erected to protect infrastructures. In one case
[G2], a sluice in the existing sea-defence line is, prior to the breach, introduced to divert a
stream in the future rehabilitated site. Sluice enables a control of tidal movements and rate of

sedimentation (Boorman and Hazelden 2017).

The last step in managed realignment projects consists of breaching the existing sea-defence
(Fig. 2). In all of our case studies, existing seawalls were breached in one or several places -
carefully predetermined in the design scheme (the option of complete removal of the defence
structure was not undertaken in any selected case studies). Sediment transport patterns and
amount of water entering and leaving the site is determined by the size of the breaching and
are key parameters affecting the creation of the marsh (Boorman and Hazelden 2017). In one
case [G2] the creation of marsh was experimentally supported by additional seed sowing and
planting, but with lower than expected results; the planted species showed a low rate of
successful establishment due to tidal inundation and natural colonization by local plant

species. It is recommended that managed realignment sites to be left to regenerate naturally.

Outcomes

Managed realignments increased levels of coastal protection by means of levelling works,

13



supporting colonization of intertidal areas by wetland vegetation and inducing sediment
accretion. Monitoring of vegetation recovery and respective sediment accretion rate were
undertaken in half of the case studies we have presented. These monitoring periods varied in

length from one to ten years after completion of realignment works [A2, B2, C2, D2].

Vegetation recovery was reported in three cases: annual pioneer species colonized first, like
Salicornia europaea and Suaeda maritima and were gradually replaced by perennial species,
the distribution depending on the elevation of the marsh [A2, C2, G2]. After four years,
coverage rates reaching 86% were observed in Freiston [C2]. However, though all common
species were found the vegetation community composition at restored sites was comparatively
different from reference sites. Depending on cases, the reference plant species composition
and per cent coverage are estimated to be reached between five [A2] and twelve [G2] years
after the seawall breaching. Moreover, minimal vegetation covers and even bare soils were
remaining where sediments were compacted by engineering works [B2]. By contrast, sites
with longer hydroperiods and remnants crop stumps promoted vegetation establishment by
trapping seeds and propagules [B2]. In comparison, habitats for tidal marshes (green
infrastructure) in the UK are eroding due to high presence of artificial embankments within
their natural range (Wolters et al. 2005). When embankments are removed the reclaimed lands
tend to be colonized relatively quickly by tidal marsh plants (Garbutt and Wolters 2008). On
the other hand, these embankments (grey infrastructure) are protecting local communities
from coastal floods but due to degrading coastal wetlands, tidal realignments are being

considered more and more often (Hughes, Fletcher, and Hardy 2009).

Land accretion rates were reported in two studies: in Medmerry, results are available for the
first year of monitoring after the breach completion [B2]. They highlight the sediment

redistribution occurring due to the man-made shaping of the site and the global accretion trend
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on flat areas. Otherwise, accretion rates varied depending on the location of the evaluated site
in the rehabilitated area. In Freiston [C2], accretion rates varied between 5 and 55 mm yr'!
over four years of monitoring, values of mean global accretion rates inside the managed
realignment site comprised between 5.4 and 7.9 mm yr''. Boorman & Hazelden (2017)
mentioned those accretion rates were critical in the success of the managed realignment
because they drove plant colonization and the creation of new habitats for benthic and bird
communities. In comparison, restored tidal marshes in Eastern England are capable to accrete
1.5 mm yr'! as recorded in the long-term study by Pye (1995). These land accretion rates are
variable though and negatively affected by increased wave frequencies and distance to tidal

creeks (Reed et al. 1999).

Restored coastal ecosystems function as flood defence structures by forming flood control
areas and reducing the risk of floods by preventing overflow. Two case studies estimated that
rehabilitated areas provided coastal protection from 1-in-100 [F2] to 1-in-1000 years’ floods
[B2] depending on the case. Additionally, these restored ecosystems protect inland flood
defence infrastructure that in turn requires less maintenance (Boorman and Hazelden 2017).
Tidal marsh realignments are estimated to be sustainable over 25 to 50 years [E2, H2]. The
Environment Agency, who was involved in most of managed realignment cases in the UK,
estimated that a 80 m wide tidal marsh could provide protection that could reduce the sea-
defence height from 12 to 3 meters (Greene 2006). As well as providing flood protection,
marsh realignment sites provided suitable habitats for numerous species of birds, crustaceans

and fishes which can boost local agriculture and tourism economies [A2, B2, C2, D2].

Cost

Cost data were difficult to obtain and are economically and geographically diverse. Hence the

cost values gathered in this study represent guidance values and not true cost estimates. Mean
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construction cost of green flood defence infrastructure located in tidal marshes was USD 4384
+1380 m™! (£SE, all located in the UK) and was slightly lower when compared with overall
mean cost of grey infrastructure (concrete breakwaters, USD 5237 £1597 m™"). Similarly,
mean cost of hybrid infrastructure mangroves (USD 597.3 £1095 m™!) was on average 8.7
times lower (Fig. 3, Table S2). The cost of pre-assessment activities, prior and post

monitoring and related ecosystem services are not included.

Discussion and looking ahead

This review provides a synthesis of the most current state of knowledge (both grey and
scientific literature) on how hybrid approaches to coastal flood defences compare with their
two traditional alternatives: grey and green flood defences. Hybrid coastal defences are an
alternative to green and grey infrastructure in that they provide coastal protection through
incorporating restoration of mangroves and tidal marshes with eco-engineered structures.
Hybrid infrastructure are recently attracting a growing interest worldwide, and are being
developed under many banners, for example, ‘Building with Nature’ in the Netherlands
(Slobbe et al. 2013) ‘Living Shoreline’ (Scyphers et al. 2011; C. S. Smith et al. 2020) or
‘Engineering with Nature’ within the US Army Corps of Engineer in the USA (D. Smith et al.
2017). The case studies selected here highlight knowledge gaps in the use and design of
hybrid infrastructure within regional marsh and mangrove ecosystems but also offer an
overview of emerging recommendations for practitioners, land managers and decision-makers

can be drawn upon globally (see Table 3).

Comparing costs of construction and maintenance (grey, green and hybrid)

Globally, projected losses in the absence of flood protection due to erosion alone are
estimated at USD 1 trillion per year (Hallegatte et al. 2013). For example, half of the Asian
case studies reviewed here implemented mangrove restoration in response to coastal
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vulnerability associated with aquaculture development. Across south-east Asia, an estimated
30,000 ha of mangroves were cleared for aquaculture over 2000-2012 (Richards and Friess
2016), following extensive clearances over the previous century (Valiela, Bowen, and York
2001). This deforestation has increased coastal vulnerability to erosion, e.g., accumulation of
lithogenic material in the sea shelf amounted to 37 mm yr'! in Vietnam (Szczucinski,
Stattegger, and Scholten 2009) and caused direct financial losses to local economies. High
cost of inaction motivates local land managers (both private and public sector) to invest in
coastal flood defences. The choice of flood defences is driven principally by finance and their
cost-effectiveness. Cost data compiled for this study indicates that the lowest construction and
maintenance cost is associated with green (natural) flood defences, followed by hybrid and
grey. However, additional risks in relation to storms and population densities need to be
accounted for. In areas of high densities, for example Mekong River in Vietnam, coastal flood
defences can be inefficient due to reduced sediment supply caused by ongoing anthropogenic

pressures such as, dams, sand mines or groundwater pumping (Besset et al. 2019).

Green infrastructure presents the lowest construction cost (no cost if coastal ecosystems were
intact), but green approaches are often viewed as more susceptible to extreme events
(hurricanes, tsunamis), especially when immature, and require adequate large land area
(Khazai, Ingram, and Saah 2007; Dharanirajan et al. 2007). When land area is sufficiently
expansive, risks to near coastal livelihoods are reportedly lower compared to areas with less
or no vegetation cover (Hochard, Hamilton, and Barbier 2019). In the absence of vast coastal
vegetation, land managers are often faced with a choice between grey and hybrid flood
defences. However, the ongoing maintenance cost of grey infrastructure, valued at 105
million USD km™ 50 years™! years for seawalls is higher compared to maintenance of
permeable walls in hybrid infrastructures - valued at 82.5 million USD km™ 50 years™ (Table

1 in: Cunniff and Schwartz, 2015). Hybrid structures present lower construction and
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maintenance cost when compared to grey infrastructure, largely due to implementation of the
nature-based solutions through enhanced conservation or restoration of coastal ecosystems
(Gittman et al. 2014). Established ecosystems show self-regulating ability to withstand sea
level rise by means of accreting above and belowground biomass (Stagg et al. 2018; Baustian,
Mendelssohn, and Hester 2012). The accreted biomass, in the form of belowground root and
aboveground canopy, provide low maintenance protection against flooding events, provided
that hydrodynamics parameters such as, wave energy, critical shear stress, settling velocity,
critical plant inundation height and tidal variations are accounted for at the design stage (Bao

2011; Best et al. 2018).

Comparing co-benefits (grey, green and hybrid)

Both green and hybrid infrastructures contribute to coastal economies such as fisheries, timber
production, blue carbon credits and tourism through provision of ecosystem and cultural
services that are still difficult to be valued monetarily (Himes-Cornell, Grose, and Pendleton
2018; Wylie, Sutton-Grier, and Moore 2016). Hybrid infrastructure may comprise of up to
440 ha [D2] of natural or restored areas immediately adjacent to first line of flood defences
(permeable walls made of bamboo [C1], gabion baskets [E1], riprap [E1] or floodbanks [A2-
H2]) and provide ecosystems services such as shoreline and sediment stabilization, water
supply, nutrient cycle, water purification, raw materials, food, genetic, medical and
ornamental resources and carbon sequestration (Moberg and Ronnbéck 2003; Atwood et al.
2017; Russi et al. 2013; Yando et al. 2019; McAlinden 2015b; Hughes, Fletcher, and Hardy
2009; Rogers et al. 2019). These ecosystem services are valued at 1995 to 215,349 USD ha’!
year™' for mangrove and tidal marshes (Table 2.2 in: Russi et al. 2013). In comparison, linear
structure of grey flood defences, e.g., seawall and groin, present are devoid of additional

ecosystems services associated with green and hybrid flood defences. Grey infrastructure
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often causes undesirable effects on adjacent coastal ecosystems (Cheong et al. 2013; Griggs
and Gary Griggs 2005; Spalding et al. 2014; Temmerman et al. 2013; Slobbe et al. 2013; C. S.
Smith et al. 2017). For example, majority of the studies on sedimentation near seawalls and
breakwaters reported erosion (Morris et al. 2018). The erosion induced by hard infrastructure
and associated shoreline recession is distinctively concerning for the small islands
communities (Nunn, Klock, and Duvat 2021). Moreover, perpendicular structures such as
groins can disrupt along-shore currents and may limit water flow, thus also preventing the
dispersal and stranding of propagules of macrophytes (Nordstrom 2014). The multiplicative
impacts of grey structures to adjacent ecosystems are likely to be context-dependent and

difficult to predict though (Nordstrom 2014).

Comparing wave attenuation and land accretion capacities

All case studies emphasize the importance of hybrid flood defences in reducing wave energy,
yet wave attenuation was measured only in the Kien Giang project [C1]. The wave barrier
fence tested therein demonstrated capacity to reduce wave energy (63%) similar to healthy
mangrove fringe (67%). Mangroves exposed to high energy waves though showed a decrease
in their wave damping capacity following reduction in basal area, pneumatophore density,
canopy diameter and forest width (Horstman et al. 2014; Bao 2011; Hoque, Husrin, and
Oumeraci 2018). By comparison, ability to attenuate waves energy by green infrastructure
varies considerably depending on coastal vegetation type (Koch et al. 2009; Bouma et al.
2014), density and biomass productivity (Shepard, Crain, and Beck 2011; Koch et al. 2009).
There is also a non-linear relationship between the width of vegetated area in front of a
shoreline and the amount of wave attenuation (Barbier et al. 2011). Dissipation effects are
stronger as waves enter into coastal wetlands and decreases with water depth (Mclvor et al.

2013). Experimental data on tidal marshes located in low energy environments revealed wave
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heights attenuated by 40% through the first 80 m, wave energy decreased by 92% through 20-
30 m, and cross-shore current velocities reduced by 50% in 15 m (Carus, Paul, and Schroder
2016; Moller et al. 1999). Whereas, evidence suggests a typical rate of wave height
attenuation of 13—66% per 100 m of mangroves (Mclvor et al. 2013). Though to reduce large
storm surges, kilometres of mangroves would be needed to have significant attenuations
(Spalding et al. 2014). In comparison, grey infrastructure is capable to deflect but not to
attenuate wave energy. As a result the fixed hard structures modify sediment and hydrologic
dynamics (e.g., fixing new high water mark) that “squeeze” coastal ecosystems out of their
coastal habitat (Mills et al. 2016). Similarly, hard grey structures parallel to the coastline,
prevent migration and establishment of coastal ecosystems (e.g., mangroves and tidal
marshes), causing a phenomenon known as ‘coastal squeeze’ (Mills et al. 2016; Gilman et al.

2008).

All studies on hybrid and green infrastructure that we reviewed were found to support land
accretion and sediment stabilization; in contrast, grey infrastructure did not support accretion
and caused erosion (Figure 4), but see Jan et al (2015). The relatively higher sedimentation
rate reported for hybrid infrastructure (up to 500 mm year!) are mostly due to their location in
the lowest areas of coastline and within the highest tidal exchange frame. Consequently, the
sediment suspended and brought in with tidal waters infill the lower tidal frame, as induced by
hybrid infrastructure, and support establishment of coastal vegetation. Subsequently, as hybrid
infrastructure is getting old, the rates of land accretion slow down (over 150-300 years, see
French 1993) to levels reported for natural green infrastructure (up to ~2 mm yr'! for marshes

and ~20 mm yr'! in mangroves).
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Looking ahead

One of major disadvantage that prevents the implementation of green and hybrid flood
defence strategies at a wider scale is their relatively high spatial footprint. Hybrid
infrastructures need sufficient space and time for the ecosystem to develop and are susceptible
to high wave energy environments during establishment stage (Balke et al. 2011). By
comparison, grey infrastructure has small spatial requirements when compared to green and
hybrid infrastructures. For examples, seawalls built along low wave energy shoreline occupy
up to 0.0004 ha per meter of shoreline (Nicholls et al. 1995) while restoration of coastal
mangroves in green and hybrid approaches can range from 0.015 to 0.8 ha (Muhari 2018).
Grey structures provide coastal protection as soon as they are built, in contrast to green and
hybrid infrastructure, which take time to establish following local restoration action (Yando et
al. 2019). Permits for grey infrastructure installation can also be easier to obtain than for
wetland restoration (Nordstrom 2014). Success of green infrastructure can be undermined
when restoration efforts do not adequately consider site or species selection nor fully
understand hydro- and morpho-dynamics, thus resulting in a failure to ensuring the long-term
survival of coastal vegetation (Lee et al. 2014). Green approaches to coastal flood risk are also
much less feasible along urbanized areas of the coastlines (Kabisch et al. 2017)- To ensure the
long-term success and benefits from coastal ecosystems, hybrid infrastructure approaches
should be considered in sites with unfavourable environmental conditions which could

undermine traditional green infrastructure approaches.

New technologies are emerging that could aid hybrid approaches in restoring coastal
vegetation in unfavourable environmental conditions such as biodegradable materials. For
example, different companies are offering solutions consisting of mats made of wood or
coconut fibre in which coastal plants are grown (von Héfen 2015). Those mats could then be
rolled-out to be settled on banks in intertidal zones. Plants anchored on the mats are less
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vulnerable to uprooting by waves and currents and could accelerate the growth and
establishment of coastal plants that are critical for providing services related to coastal
protection. A pilot project that was undertaken in 2012 in the Netherlands (EcoShape 2012)
used this technology and reported means to improve establishment of coastal vegetation.
These new technologies might increase survival rate of the newly planted coastal plants by
enhancing their growth conditions, for example, by reducing wave energy and stabilizing the
sediments. More, recently tested biodegradable mimicry structures allow sediments to form
suitable substrate and encourage the spontaneous recruitment of coastal pioneer plants in the
following growing season (Fivash et al. 2018). Further trials could eventually lead to the

development of local solutions to enhance restoration of coastal ecosystems.

A frequently occurring obstacle to undertake this review was lack of long-term monitoring
data (typical duration of monitoring time in case studies analysed here was five years).
Although hybrid infrastructures are site-specific and require a particular design and
implementation in each case, lessons learnt by monitoring these structures could greatly serve
future practitioners. Repeated quantification of vegetation cover, wave height and energy
reduction, current’s velocity reduction and rates of accretion could eventually provide a good
evaluation of the ecosystem’s performances. Providing such data could progress the
development and guide successful implementation of hybrid infrastructures by practitioners.
Moreover, technological tools such as remote sensing offer great possibilities for monitoring
(Chapple and Dronova 2017). Remote sensing might be used to monitor the progress of
mangrove restoration programs over time (Alexandris et al. 2013; Long, Giri, and Trivedi
2016). For example, high or medium resolution satellite imageries from Landsat or

WorldView could assist in tracing the change of canopy cover in mangroves.
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Conclusion

Here we reviewed case studies of implementing hybrid approaches to mitigate coastal flood
risks in the UK and Asia-Pacific. While grey and green approaches are well-established in
land management practices, an alternative hybrid approach provides competitive level of
coastal protection through combination of soft engineering and the restoration of coastal
ecosystems like mangroves and tidal marshes. These coastal hybrid infrastructures provide not
only cost-effective approaches to flood and storm risks but also deliver multiple co-benefits
emerging from restoration of mangrove and tidal marsh ecosystems. The economic value of
ecosystem co-benefits, such as sediment stabilization, atmospheric carbon sequestration (blue
carbon); fisheries enhancement; water purification, nutrient recycle and source of raw
materials, are often difficult to estimate and yet could further promote the implementation of
hybrid infrastructures. Revisiting, repeating and expanding the experiments on hybrid
infrastructure is highly recommended either in a fail or successful project over broader spatio-
temporal scales to improve the evidence base and can reduce the uncertainty that may lead to
an increasing acceptability from stakeholders, policymakers, and public towards this hybrid
coastal defence approach. Moreover, a global and robust cost-benefit analysis of
implementing hybrid infrastructure in coastal flood defence practices is required to reduce the

uncertainty in the decision-making processes.

Furthermore, as highlighted in the case study on managed realignment in Freiston [C2], there
is a risk of misperception of hybrid infrastructure projects due to lack of communication
between scientists, practitioners and populations (Myatt, Scrimshaw, and Lester 2003).
Making science and knowledge of hybrid infrastructure approaches accessible to every
stakeholder and public should be a key element to improve public understanding and broaden

managerial toolkit to tackle coastal flood risks.
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Tables

Table 1. A summary of published case studies on use of hybrid infrastructure in mangrove ecosystem settings. The hybrid infrastructure measures

described here are visualized in Figure 2 (see the approach part).

Restoration site compared with one
controlled site non-protected.

survival otherwise after 1 year. 11 natural
recruitments in the rehabilitated site with
survival rates of 60% after one year.

Project | Location | Duration Implementation Outcomes Reference
Demak, Pegrr;eab}lle wa(llls are made of bamboo poles | In ?.5 years: 45 cm of mud' 1accrefted and (Tonneijck et al. 2015)
Al Indonesia 2015- present and brusawooc. szc.‘enma [nangrove Juventies o >0 em. www.indonesia.buildingwithnature.nl
New lines of dams to be created once | Enrichment planting in under-vegetated areas. : - -
mangrove established on the first ones.
Kutubdia Precast concrete rings: 0.8m in diameter, Seaward marsh vegetation expe(l)nsmn of
. . . 1.37£0.13 m per year. 95-100% wave
Bl island, 2015-2016 0.8 m high, and 0.05 thick placed along 20m : ical relicf level (Chowdhury et al., 2019)
Bangladesh transect attenuation vertical relief at water levels <0.5-
' 0.6 m. Up to 29 £ 1 cm land accretion recorded.
2 treatments; . - Wave attenuation rates increased. Planting of
1. Wave barrier consisting made of . . . .
. 40 cm tall seedlings prepared in plastic bag in
. . Melaleuca, branch tree, bamboo matting and . 1
Kien Giang . . nursery. 25 000 seedlings ha™'. About 40 cm of
Province fishing met. Barrier located 60 metres mud accumulated in the protected areas
C1 X ’ 2009 - 2013 offshore. h protec T (Giang 2012; Van Cuong et al. 2015)
Vietnam . . Survival rate after 3 years: 62% for Avicennia,
2. Wave barrier + silt trap fence made of ; g
. . 35% for Rhizopora (in treatment 2). Natural
Melaleuca, bamboo matting and fishing net . . . .
recruitment of Avicennia after 18 months with
located 20-25 metres offshore . .
. . a maximal survival rate of 63%.
Control site: nothing.
ﬁgﬁsgla Implementation of 69 artificial oyster reefs X;rsrllblii ac,;nrgn?g;ii?;ﬁig;?;igive
D1 i 2012-2014 with rings made of concrete, covering a ping protection (Tangelder et al. 2015)
Bangladesh embankment. Positive influence of the reefs on
length of 45 metres. SN :
mangrove saplings’ survival.
Sungai Haji
Dorani, Breakwater structures form a semi-circular | In a 4-month period: accretion on the leeward
Malaysia arc. Made of stone placed in gabions basket | side of the breakwater only. Planting of 30 cm
El 2008 - 2009 and let on foundations made of bamboo | tall pre-grown seedlings in coir logs at 10000 (Hashim et al. 2010)
stems. seedlings ha'. Mangrove survival rate: 30%
estimated eight months after initial restoration.
No survival in the first phase of planting.
nd . o
Breakwater structures are made of concrete 2 p hase.b no survival .e'md no natural
Carey Island, formine tosether a half circular arc recruitment in the non-rehabilitated site.
F1 Malaysia 2009-2012 N & o8 U " | Survival rate of 25% for the clumped pattern, no

(Bakrin Sofawi et al. 2017)
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http://www.indonesia.buildingwithnature.nl/

Gl

West
Kalimantan,
Indonesia

1992-2014

Construction of 22 km of breakwater
structures, no more detail.

Very low rates of development of the seeds into
trees. Planting of Rhizopora seeds at a density
of 8778 ha'l. Colonization by Avicennia in some
bays. Erosion reduction up to 70% in some
areas, but erosion exacerbation in other places.

(Akbar, Sartohadi, and Djohan 2017)

Table 2. A summary of published case studies on hybrid infrastructure in tidal marsh settings. The hybrid infrastructure measures described here

are visualized in Figure 2 (see the approach part).

Project Location Duration Implementation Outcomes Reference
Land realignment and cut in the sea wall to support succession No embankment as land slopes upwards, 80 | (vealinden 2015;
Abbotts Hall Essex, . . . ha of arable land restored in intertidal | Hughes, Fletcher, and
A2 2000-2002 of saltmarsh vegetation. Sea-defence moved inland. Creation . S
UK . . o ecosystems including tidal marshes, mudflat | Hardy 2009)
of feeder creeks. Five breaching spots within the seawall.
and coastal grassland.
Construction of a new 7 km long floodbanks located 2 km | Creation of 183 ha of intertidal habitat.
Medmerry, Sussex, . inland. Excavation of diversion channel, creation of drainage | Global trend of accretion on flat land. .
. . . . . Alinden 201
B2 UK Completed in 2013 system. Completion of a 110 m wide breach within the | Protection of 348 properties to a standard of (MeAlinden 2015c)
existing sea-defence. 1 in 100 years.
Restoration site of 68 ha. Mean annual
. . accretion rates: 6 to 10 mm yr! 2005: 70% of | (Brown et al. 2007; Friess
C2 Freiston shore, UK 1990°s-2002 tshtcraesiit Vl:/zrrl(lingaglf(tilllleﬂlitelgw?aréie:ea—defence and breaching of the area covered by plants. Protection of and Méller 2008)
P ’ 80,000 ha with a 1 in 200 year standard of
defence.
Construction of a new 1500 m long lowered embankment and | . . .
D2 Alkborough Flats, 1999-2006 completion of a 20 m breach within the existing floodbanks | S.c Of 440 ha, including 170 ha of mudflats | s 1 4en 2015)
Lincolnshire, UK . and tidal marshes
of Humber River.
Hesketh Out Marsh
West in the Ribble Creeks and lagoons excavation, construction of a new bank . . (Tovey, Pontee, and
E2 Estuary 2005-2008 inland, completion of four breaches within the sea-defence. Restoration site of 168 ha, Harvey 2009)
Steart Peninsula, New set back defences, creeks excavation, one large single . . (McAlinden 2015d;
F2 North Somerset, UK 2012-2014 breach. Creation of 400 ha of new habitats Burgess et al. 2013)

35




Sluice within the existing seawall allowing the development
of a stream in the site. Construction of low embankments

Restoration site of 21 ha.
2007: half of the site covered by vegetation

(Reading et

al.

G2 Tollesbury, UK Completed in 1993 behind the existing seawall. Breaching of the seawall and | included 21 plant species. 2008)
sealing of the sluice. Mean accretion rate: 10 mm.yr’!
Strengthening of a seawall, construction of a new one and

e Titchwell Marsh, UK 2009-2011 breach of a last one to connect brackish marsh with tidal | Restoration site of 11 ha. Flood defence (Lucking 2015)

the marsh.

marshes. Sluice enabling the control of the water level inside

standard of 1 in 30 years.

Table 3. Comparison between grey, green and hybrid infrastructure on major criteria concerning projects managers and decision-makers

(Blankespoor, Dasgupta, and Lange 2017; Bouma et al. 2014; Cunniff and Schwartz 2015; Esteves 2014; Sutton-Grier, Wowk, and Bamford

2015).

Criteria

Grey infrastructures

Green Infrastructures

Hybrid infrastructures

Design of the structure

Implementation

Time to benefit
realisation

Wave attenuation

General
needed.

engineering  expertise

Designable for every shoreline type.

Immediate.

Wave energy 1is reflected and
exacerbate the erosion of coastal
substrate

Expertise in ecology and restoration
ecology needed.

Preferably shallow shelf waters with
low wave energy environment.

Immediate if based on conservation
of existing coastal vegetation. If
based on restoration works difficult
to quantify.

On average, coastal habitats reduce
wave heights between 35% and
71%.

36

Site-specific, cross-disciplinary
expertise needed in both ecology and
engineering.

Low to moderate wave energy
environments.

Unsuitable for rocky shores.

The time required by the ecosystem
to rehabilitate. Difficult to quantify,
and context-dependent.

Steady wave energy dissipation.




Land accretion

Spatial Footprint

Stakeholder
involvement

Maintenance cost

Ecosystem services

Ecological impact

Frequent reports of land abrasion
instead.

Small.

A reduced number of stakeholders.
Long-term stakeholders involvement
in monitoring and maintenance.
High.

Can be damaged/destroyed by
coastal hazards (stochastic).

High vulnerability to sea level rise.

No added benefits, but conversely
possible undesirable effects on the
ecosystems and on adjacent areas.

Potential reduced coastal ecosystem
functioning.

No increase in habitat provision.
Potential to reduce ecosystem
connectivity.

Capable of land accretion above sea

level rise rate.

Large.

Land owners and local authorities.

Low.

Numerous  ecosystem  services
(carbon  sequestration; fisheries
enhancement; water purification)
provided.

Improved coastal ecosystem
functioning.

37

Rapid land accretion in mangroves
from 290 to 500 mm year™! and 5-10
mm year™! in tidal marshes.

Small to large.

Strong involvement of multiple
stakeholders requiring coordination.

Low.

Can recover from coastal hazards
(stochastic).

Potential for low vulnerability to sea
level rise.

Numerous  ecosystem  services
(carbon  sequestration;  fisheries
enhancement; water purification)
provided.

Improved coastal ecosystem
functioning.

Habitat  provision for faunal
communities.

Potential to enhance ecosystem

connectivity.
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1970

Initial mangrove
condition is degraded
from anthropogenic
impacts resulting in
erosion and flooding.

Aged, weakened seawall
breaches during
extreme events or no
longer protects against
the rising sea levels;
resulting in continuous
flooding events.

Reclaim the land and
regain long-term
shoreline protection by
planting or natural
recruitment of
mangroves through
sustainable and
effective efforts.

Realign the
unsustainable,
high-maintenance,
costly seawall by
integrating a saltmarsh
to provide long-term
protection and a higher |
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against climate change. 1
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Create a suitable
environment for
mangrove seedling
growth, such as utilizing
a permeable wall (made
of bamboo and
brushwood) to buffer
wave energy.

Create a suitable
environment for
saltmarsh growth by
adjusting hydrolagical
flow and sediment
transport. A flood bank
is required to control
inundation level.
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When necessary,
use engineering
techniques like
sediment
nourishment to
restore sediment
balance.

In addition to flood
bank construction,
this often requires
other engineering
work, such as ground
leveling to control the
hydrological
connection.

Understanding complex
hydrodynamic processes
that shape sediment
transport in order to
maximize ideal
conditions for mangrove
seedling survival and
growth.

Acquiring permits from
landowners and policy
makers for a hybrid
approach is challenging
due to the spread
across different land
tenures and polices.
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Figure captions

e Figure 1. Location of fifteen case studies on hybrid infrastructure approaches around
mangrove (1) and saltmarsh (2) ecosystems reported in this review (See Table 1 and

Table 2 for detailed descriptions of case studies).

e Figure 2. Overview of differences in implementation of coastal hybrid infrastructures

within mangrove and tidal marsh (saltmarsh) ecosystems.

e Figure 3 Mean cost (USD per meter, =SE) of grey (n=), green (n = 4) and hybrid
infrastructure (n = 18 for mangrove, n=8 for marsh). See Table S2 for data source

details.

e Figure 4 Mean sediment accretion rate (SAR, £SD) as reported for grey (see figure 6b
in: Morris et al. 2018). green (see marsh control in table 2 in: Spencer et al. 2012; see
suppl. data from: Lovelock et al. 2015) and hybrid infrastructure case studies from this
study. As grey infrastructure, such as seawalls, reported erosion in greater proportion

the grey bar depicts a conservative value of zero accretion.
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