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Abstract  
In the marine environment, greening of grey infrastructure (GGI) is a rapidly growing field that 
attempts to encourage native marine life to colonize marine artificial structures to enhance 
biodiversity, thereby promoting ecosystem functioning and hence service provision. By 
designing multifunctional sea defences, breakwaters, port complexes and off-shore renewable 
energy installations, these structures can yield myriad environmental benefits, in particular, 
addressing UN SDG 14: Life below water. Whilst GGI has shown great promise and there is a 
growing evidence base, there remain many criticisms and knowledge gaps, and some feel that 
there is scope for GGI to be abused by developers to facilitate harmful development. Given the 
surge of research in this field in recent years, we have reviewed the literature to provide an 
update update on the state-of-the-art of the field in relation to the many criticisms and identify 
remaining knowledge gaps. Despite the rapid and significant advances made in this field, there 
is currently a lack of science and practice outside of academic sectors in the developed world, 
and there is a collective need for schemes that encourage intersectoral and trans-sectoral 
research, knowledge exchange, and capacity building to optimize GGI in the pursuit of 
contributing to sustainable development. 
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1. Introduction 1 
The rapid growth of the human population (8 billion in 2022) has driven the intertwined global 2 
crises of climate change and biodiversity loss. Much of this growth and associated development 3 
has been in the coastal zone, leading to proliferating land-claim and construction of so-called 4 
grey infrastructure along the coastline and increasingly offshore into the oceans (Bugnot et al., 5 
2021, Box 1), with many major iconic megadevelopments likely inspired by the construction of 6 
the Palms, Dubai (sensu the “Palm Effect”, Box 2). In many parts of the world, densely 7 
populated land-scarce regions (e.g., Penang, Figure 1) may be approaching a form of 8 
Malthusian Trap (Malthus, 1798) - where population growth is outpacing land availability and 9 
thus expanding built infrastructure into the sea. Such situations may be viewed as valuable for 10 
concentrating people in urban areas, but they also present major challenges in terms of 11 
resource management and environmental impacts. 12 
 13 

 14 
Figure 1. Penang Island: Population growth outpacing land availability? (a) Map showing natural 15 
terrestrial habitats (light green = forest; dark green = mangrove), urbanized (grey) and reclaimed 16 
land (brown = already reclaimed, red = proposed reclamation). (b) Bars illustrating population 17 
density (number of people/km2, 2020 World Bank data) and the lined illustrating population 18 
density growth rate (1961–2020) of Penang Island compared to the seven most densely 19 
populated countries. (c) Image of tall buildings condensed into a narrow coastal strip between 20 
mountains and sea (Photo credit Hong Chern Wern). Figures a and b redrawn from Chee et al. 21 
(2017). 22 
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The resultant urbanized and degraded environments have been likened to novel ecosystems - 23 
hybrids of nature and technology that have been irrevocably deflected from their natural 24 
trajectories (Bulleri et al., 2020). The United Nations Decade of Ocean Science and Sustainable 25 
Development provides impetus for humans to reverse declines in ocean health and to use 26 
science to facilitate sustainable development. Sustainable development is typically managed 27 
through the Environmental Impact Assessment and/or the Mitigation Hierarchy processes 28 
(Green, 1979). The Mitigation Hierarchy is widely accepted as the current best-practice for 29 
achieving sustainable development (CSBI, 2015), wherein practitioners sequentially seek to limit 30 
negative environmental impacts and achieve net biodiversity gain (Figure 2). ‘Offsetting’ is 31 
intended only as a last resort for developers seeking to compensate for unavoidable damage, 32 
after having applied all other steps. With current projections in human population increase, 33 
further coastal development is inevitable. Consequently, far greater attention should be given to 34 
developing new tools and improving implementation of the Mitigation Hierarchy (Pioch et al., 35 
2017a; Bigard et al. 2020). 36 
 37 

 38 
Figure 2. The four sequential steps of the Mitigation Hierarchy: avoid, minimize, 39 
restore/rehabilitate and offset/other conservation actions. The goal is to achieve no net loss, or 40 
a net gain of biodiversity (not just species richness) (above the green line) compared to the pre-41 
disturbance landscape. Management actions to the right of the red line should be perceived as 42 
a last resort and only be implemented when all other steps have been applied to maximum 43 
effect. Figure and text adapted from CSBI (2015).       44 
 45 
In coastal environments, ecological engineering (eco-engineering) can be used for Greening of 46 
Grey Infrastructure (GGI) by incorporating ecological knowledge in designing and engineering 47 
multifunctional marine infrastructure (Bergen et al., 2001). The goal is to encourage native 48 
marine life to colonize artificial structures to enhance biodiversity, thereby promoting ecosystem 49 
functioning and hence service provision (Figure 3). GGI has emerged as a promising tool for 50 
achieving biodiversity and environmental benefits (addressing UN SDG 14 – Life below water) 51 
with multifunctional infrastructure, such as sea defences, breakwaters, port complexes and off-52 
shore renewable energy installations (see Strain et al., 2018a; O’Shaughnessy et al., 2020a; 53 
Airoldi et al., 2021; Evans et al., 2021 for global reviews).  54 
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 55 
Figure 3. Continuum of marine eco-engineering solutions between conventional grey 56 
engineering and natural systems. The blue area shows where Greening of Grey Infrastructure 57 
(GGI) sits along this continuum (source: Naylor et al., 2023; adapted from Naylor et al., 2020 58 
and Suedel et al., 2021). 59 
 60 
Firth et al. (2020) highlighted a range of limitations and unknowns, noting that GGI interventions 61 
could be assigned to one of three categories: Trojan horses, projects that cause environmental 62 
damage either through deliberate or misguided intent; Fig leaves, projects that merely cover up 63 
or deflect attention from environmental damage caused by the development; and Laurel 64 
wreaths, win–win projects with measurable benefits for humans and nature (see Box 3 for 65 
examples). Whilst laurel wreaths are more challenging to achieve, this is not to say that all GGI 66 
interventions that cannot be classified as "laurel wreaths" are a deliberate greenwashing 67 
attempt, as the field is still relatively new and requires more guidance and experimentation. 68 
 69 
To prevent GGI from being used for ‘greenwashing’ to facilitate coastal development, Firth et al. 70 
(2020) made several recommendations. Given the upsurge of publications since 2020, in 71 
section 2 below we review how scientists and practitioners have addressed these limitations 72 
and recommendations. We provide a comprehensive update the state-of-the-art and identify 73 
remaining knowledge gaps. In section 3 we address how GGI can be used for greenwashing 74 
purposes. Section 4 provides a critical summary of the importance of building the evidence 75 
base. Finally, in section 5 we provide some conclusions and make the case for the need for a 76 
paradigm shift of current funding strategies and research programmes to encourage the 77 
development, implementation, and translation of GGI science at global scales.  78 
 79 
2. Update on the state-of-the-art 80 
Firth et al. (2020) made several criticisms and recommendations on how to improve the science 81 
and evidence to optimize GGI approaches to and prevent it deliberately or unknowingly 82 
facilitating harmful development. Here we expand on and provide a summary of the criticisms 83 
and recommendations (Figure 4). To address the major concern that past experiments have 84 
been relatively limited in scope, we recommend designing bigger, better experiments. The 85 
limited number and scope of response variables typically measured, can be addressed by going 86 
beyond simple biodiversity metrics. Furthermore, measuring ecosystem functioning along with 87 
socio-economic metrics of service delivery should be incorporated. As most experiments are 88 
limited in environmental scope, being conducted in a single location or over short timeframes, 89 
revisiting experiments beyond the lifetime of the original project, repeating experiments in the 90 
same location where possible and replicating them under different environmental conditions will 91 
yield invaluable additional information about how GGI interventions perform under different 92 
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environmental scenarios. Whilst it may be impossible to fully address the unpredictability of the 93 
natural environment, reporting on failures and unintended outcomes of experiments (both 94 
positive and negative) will inform better design and save money. Much research to date has 95 
been led by the scientific community, and not the practitioner. Science and practice must 96 
progress in tandem through collaboration and co-design to ensure that experiments are 97 
appropriately scaled-up to ‘real world’ scenarios, whilst testing their efficacy. Finally, the 98 
criticism that there is limited guidance available to practitioners can be addressed through 99 
formulating appropriate policies and guidance. Often practice proceeds ahead of science, 100 
especially in large-scale projects.  Hence developers, planners, architects, and engineers need 101 
to be encouraged to engage with scientists to set targets and objectively measure outcomes of 102 
designs and interventions intended to lead to environmental mitigation. Such an approach will 103 
inform any adjustments or fine tuning required post-construction or commissioning as well as 104 
future developments. 105 
 106 

 107 
Figure 4. Building the evidence base to optimize Greening of Grey Infrastructure (GGI). The 108 
limitations and unknowns are located at the base of the columns. Suggestions and 109 
recommendations for a way forward are in the body of the columns (concepts adapted and 110 
expanded on from Firth et al. 2020). 111 
 112 
In the sub-sections below, we provide a comprehensive update on the state-of-the-art on to 113 
address these criticisms and suggestions. See Table 1 for a quick-use reference guide to the 114 
most appropriate recent literature that has addressed the various recommendations. A number 115 
of comprehensive and large-scale mapping studies have further evidenced statements made by 116 
Firth et al (2020) on the prevalence of ambitious large-scale reclamation projects in the Middle-117 
East and Asia, and the vulnerability of African countries to developments stemming from their 118 
rapidly rising populations. The major outputs from these are summarized in Boxes 1 & 2. 119 
 120 
2.1 Design better experiments 121 
Up until recently, many GGI projects that have primarily been led by the scientific community 122 
have been relatively small-scale, simple, or potentially confounded by poor experimental design. 123 
For instance, only deploying a small number of units or considering comparisons of a small 124 
number of treatments (e.g. microhabitat types or materials) or combining factors that do not 125 
enable the researcher to disentangle single effects. Similarly, ignoring differences in surface 126 
area between treatments can yield misleading results. Whilst it is well recognized that the 127 
incorporation of topographic complexity and microhabitats can provide refugia for organisms 128 
from both physical stress and biological pressure, this has rarely been quantified. In the sections 129 
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below, we focus on the state of understanding on the efficacy of each of these approaches for 130 
GGI. 131 
 132 
2.1.1 Greater consideration of disentangling the effects of increased surface area and habitat 133 
structural complexity 134 
Based on well-known positive effects of habitat complexity and diversity of refugia on 135 
biodiversity across scales, many GGI experiments have focussed on incorporating a variety of 136 
small-scale microhabitats to increase the settlement, establishment, and survival of different 137 
organisms onto artificial structures. Common strategies include retrofitting human-made 138 
infrastructure with concrete tiles molded with topographically complex designs (Perkol-Finkel et 139 
al., 2018; Loke et al. 2019a; Bishop et al., 2022) or incorporating small-scale complexity into 140 
newly built structures (e.g., addition of holes, pits and water-retaining features such as rock 141 
pools, Evans et al., 2015; Bender et al., 2020). Early studies enhancing habitat complexity failed 142 
to assess the contribution of the increase in surface area (rather than change in complexity) to 143 
biodiversity. Loke et al. (2019b) developed a novel system for testing the independent and 144 
interactive effects of habitat area and spatial configuration (i.e., fragmentation pattern) on 145 
intertidal species richness and revealed an optimal tile density and spatial configuration to 146 
maximize biodiversity on tropical seawalls. Whilst a number of recent studies either use small-147 
scale sampling units (Bishop et al., 2022) or compartmentalize the data by microhabitat (e.g., 148 
ridges versus crevices on experimental tiles, Strain et al. 2021) in an effort to standardize for 149 
surface area, greater attempts to disentangle the effects of increased surface area and addition 150 
of topographic complexity is recommended. 151 
 152 
2.1.2 Greater consideration for context-specific refuge provision 153 
Arguably, the protection arising from mitigation of environmental stressors and/or predator 154 
exclusion by micro-habitat complexity may be more important than the increase in surface area. 155 
Outcomes will, however, depend on the type of complexity provided as well as environmental 156 
context (Strain et al. 2018a, 2021; Bishop et al. 2022). For example, crevices incorporated into 157 
artificial structures can promote oyster recruitment (Strain et al. 2018b), with pits and narrow 158 
spaces under overhangs, aiding coral recruitment (Strain et al 2018a; Burt and Bartholomew 159 
2019). For fish, increased structural complexity and provision of diversity of refugia can alter 160 
biological interactions (predation and competition), leading to greater fish recruitment and 161 
survival rates on more complex artificial structures (Morris et al., 2018a; Burt and Bartholomew, 162 
2019; Bartholomew et al., 2022; Komyakova and Swearer, 2019; Komyakova et al., 2021; 163 
Hayes et al., 2022). Understanding the extent to which each of these factors drives biodiversity-164 
habitat complexity relationships is critical to understanding the range of environmental 165 
conditions across which habitat complexity enhancement will provide biological benefit (e.g., 166 
McArthur et al. 2020, see Living Seawalls, Box 4). 167 
 168 
No single GGI intervention is a “one-size-fits-all-solution”. What might be good habitat for one 169 
species may be harmful to another (see section below on ecological traps). Similarly, what 170 
might be good habitat for one species under one set of environmental conditions may be 171 
harmful to it under different conditions. Each species is susceptible to a particular set of 172 
predators, competitors and physical stressors that may vary with environmental context. To 173 
date, the majority of GGI installations have measured outcomes for biodiversity generally. Few 174 
studies have focused on particular species, traits or role in ecosystem functioning. For species 175 
that live in the intertidal zone, GGI that provides protection from physical stressors such as 176 
temperature fluctuations and solar radiation may be more important on the upper shore, whilst 177 
GGI interventions that provide a refuge from predation or grazing pressure (e.g., Martins et al., 178 
2010) may be more important on the low shore and in the subtidal zone (Bishop et al., 2022). 179 
Much can be learnt by considering how individual species or functional groups respond to 180 
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different habitat types under different environmental conditions (Strain et al., 2021; Aguilera et 181 
al., 2023; see also section on revisit, repeat, replicate). Whilst some progress has been made in 182 
the consideration of environmental stressors and biotic interactions, this remains a major 183 
knowledge gap. Successfully identifying species and functional groups that have important 184 
structuring roles (e.g., predators, competitive dominants, habitat-formers) in a local context is of 185 
critical importance. For this to be successful, designers of GGI interventions need to work 186 
closely with ecologists who have an in-depth understanding of the local ecosystem. 187 
 188 
2.1.3 Wider consideration of material and substrate types 189 
The growing body of interdisciplinary research involving ecologists and materials scientists is 190 
revealing limited differences in the biological colonisation of materials, when cement content, 191 
cement-replacements (pulverised fly ash, PFA; ground granulated blast furnace slag, GGBS, 192 
fiber concrete), or aggregates and admixtures on biodiversity were examined (Kress et al., 193 
2002; McManus et al., 2018; Becker et al., 2020; Hsiung et al., 2020; Vivier et al., 2021a; Bone 194 
et al., 2022a; Hayek et al., 2022; Lapinski et al., 2022). Whilst an early study by Perkol-Finkel et 195 
al. (2014) reported greater colonisation on lower pH concretes (pH 9-10.5) than ‘standard’ 196 
values (pH 12.5-13.5), this study was confounded as it was impossible to disentangle the 197 
separate effects of complexity and material. Recent experiments in temperate and tropical 198 
regions (Hsiung et al., 2020; Lapinski et al., 2022) have found no effect of concrete pH reduction 199 
on colonization. 200 
 201 
Natural rock, metal, oysters, and wood are also extensively used in marine infrastructure. 202 
Experiments suggest limited differences in the communities settling and establishing on these 203 
materials (reviewed by Dodds et al., 2022 and on coastal concrete by Bone et al., 2022a). 204 
Hartanto et al. (2022) for example, reported no tropical intertidal faunal differences and minor 205 
algal differences in colonisation of granite, limestone, sandstones and concrete. Little is known 206 
about how materials affect microbial community composition. Natanzi et al. (2021) reported 207 
differences in the relative abundances of cyanobacteria, diatoms associated with different 208 
concrete mixtures after one month. Conversely, after a similar deployment time (31 days), 209 
Summers et al. (2022) found no differences in microbial diversity among the same stone types 210 
tested in Hartanto et al. (2022). Whilst it appears that surface properties may influence microbial 211 
communities early on, it appears that communities converge later in the ecological succession 212 
process. Other factors, such as site or surface aspect (north-south directionality) and orientation 213 
of material (e.g., horizontal/vertical), may have greater influence on community composition 214 
(Firth et al. 2015; Amstutz et al., 2021, 2023), with effects potentially even larger than those 215 
from surface complexity (Grasselli and Airoldi, 2021). This evolving picture can help industry 216 
focus resources on other aspects of material choice, including carbon footprint (Dennis et al. 217 
2018; Dauvin et al. 2022) and chemical pollution of concrete (Kress et al., 2002; McManus et 218 
al., 2018). 219 
 220 
2.1.4. Manipulation of mobile invertebrates 221 
The transplanting of mobile invertebrates has received little attention, but Morris et al. (2018a) 222 
found that most individuals migrated out of experimental units. Species-specific behaviour and 223 
the use of enclosures should be considered for transplantation studies. Conversely, Firth et al. 224 
(2023a) suggest that the small-scale removal of limpets from carefully managed patches may 225 
yield biodiversity benefits with implications for ecosystem functioning and service provision. 226 
Importantly, this suggestion is relevant in a northwest European context, where limpets have a 227 
key structuring role (Coleman et al., 2006; Firth et al., 2021a). Removal of limpets in other 228 
systems may have little to no benefit and may be detrimental. Any manipulation of species 229 
requires consultation with local ecological experts.  230 
 231 
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2.2 Go beyond simple biodiversity metrics 232 
The benefits of GGI interventions for biodiversity are typically assessed using metrics 233 
comparing differences in mean numbers of species (i.e., alpha diversity, Evans et al., 2021). 234 
Much can be learnt from consideration of a wider variety of diversity metrics such as beta 235 
diversity, which gives a measure of variation in community structure among a set of sample 236 
units and hence the importance of variety of micro-habitats on a more landscape scale (Firth et 237 
al., 2016b; O’Shaughnessy et al., 2023). More worrisome is the lack of attention to species 238 
identity, since it implies that attracting a pest, non-native or ephemeral species is potentially 239 
given the same positive weight of attracting species that are rare, on the brink of extinction 240 
and/or recognized as in need of protection. Also, an unbiased evaluation of the success of a 241 
given eco-engineering strategy requires the set of species one wishes to attract to be clearly 242 
identified a priori. 243 
 244 
2.2.1 Greater consideration for ecosystem functioning 245 
Limited research effort has focussed on the influence of GGI interventions on ecological 246 
functionality, including fitness and reproduction, trophic structure (but see Espinosa et al., 2020; 247 
Sedano et al., 2020a,b; Raoux et al., 2022) or ecological connectivity. GGI interventions may for 248 
example, serve as hubs for sources of propagules (Reddy, 2022), or facilitate novel interactions 249 
among species (Klein et al., 2011) through a failure to support viable populations of key 250 
intertidal grazers (Moreira et al., 2006). A key opportunity of GGI is the capacity to deliver multi-251 
faceted ecosystem functioning that can, in turn, support ecosystem services and mitigate 252 
stressors common in urban coastal environments (Pioch and Souche, 2021). For example, GGI 253 
can assist in reducing wave overtopping on seawalls, increasing their capacity for coastal 254 
protection (O'Sullivan et al., 2020). GGI can also enhance the abundance of filter feeders, such 255 
as oysters, mussels and sponges, or microbes involved in nutrient cycling, potentially improving 256 
water quality (Rouse et al., 2020; Vozzo et al., 2021a; Bulleri et al., 2022; Dodds, 2022). 257 
Conversely, added topographic complexity may have positive benefits on species, but have little 258 
or no effect on productivity (Mayer-Pinto et al., 2023); and results can be location specific 259 
(Mayer-Pinto et al., in review). Artificial structures impact surrounding habitats via changes in 260 
the characteristics and biodiversity of proximal sediments (Hanley et al., 2014; Heery et al., 261 
2018; Martinez et al., 2022), transport of wrack detritus (Critchley et al., 2021), litter 262 
accumulation (Aguilera et al., 2016, 2023; Aguilera 2018), and novel use of structures by 263 
terrestrial (pest) predators (Aguilera et al., 2023a). Initial work suggests that GGI can ameliorate 264 
some of these impacts, by retaining wrack (Strain et al., 2018b), but the influence of GGI on 265 
sediment properties (but see section 2.4.3 below), biotic assemblages and predator-prey 266 
interactions remains largely unknown. 267 
 268 
2.2.2 Greater consideration for ecosystem services 269 
GGI interventions may furthermore provide social and economic benefits such as aesthetic 270 
landscape appreciation (Pioch et al. 2011) and fisheries enhancement (Morris et al., 2018a; Burt 271 
and Bartholomew, 2019), especially when incorporating indigenous knowledge (Porri et al., 272 
2023). A large-scale example is increased habitat use and feeding by juvenile salmon on large-273 
scale GGI in Seattle (Sawyer et al. 2020; Accola et al.;2022a,b). Generally, however, the 274 
economic valuation of ecosystem services associated with GGI is in its infancy (e.g. Mehvar et 275 
al., 2018), but is nonetheless essential to support or challenge economic justifications by 276 
enabling cost-benefit analysis (Fairchild et al., 2022). Economic values include societal benefits 277 
via greater knowledge gained of GGI (Strain et al. 2019), a perceived increase in naturalness 278 
and biodiversity, as well as an association with healthy environments (Fairchild et al., 2021; 279 
Salaün et al., 2022). Perspectives may, however, vary among stakeholders and regions; hence 280 
further studies are required for a more comprehensive understanding of perceived benefits and 281 
potential social and ecological conflicts in implementing GGI (Morris et al., 2016; Pearson et al., 282 
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2016; Kienker et al., 2018; Salaün et al., 2022; Aguilera et al., 2023b). It is important to 283 
acknowledge that trade-offs between positive ecological outcomes should be considered. In an 284 
experiment where both physical and biological complexity were added to seawalls, trade-offs 285 
between species richness and functional outcomes were observed (Mayer-Pinto et al., 2023). 286 
Moreover, GGI may negatively affect surrounding natural habitats. If, for example, GGI 287 
promotes novel communities with high filtration capacity as observed on artificial structures 288 
(Layman et al. 2014), it can potentially impact marine food webs beyond the footprint of the 289 
structure (Malerba et al., 2019; Raoux et al., 2022); conversely societal benefits may be 290 
delivered by increasing water quality, especially in enclosed urban water bodies (Wilkinson et al. 291 
1996). Further research is therefore needed in this area (Riascos et al., 2020), including 292 
differing viewpoints of different constituencies of stakeholders. 293 
 294 
2.3 Revisit, repeat, replicate experiments 295 
A growing number of studies are testing the efficacy of GGI interventions across local gradients 296 
and biogeographic regions (e.g., Strain et al., 2021; Clifton et al., 2022; Mayer-Pinto et al., in 297 
review). Spatially replicated experiments have revealed that impacts of many (but not all) GGI 298 
interventions are highly context dependent, with results ranging from positive to neutral to 299 
negative, across spatial scales of centimeters to hundreds of kilometers (Strain et al., 2021; 300 
Chee et al., 2021; O'Shaughnessy et al., 2021; Clifton et al., 2022). Whilst Strain et al. (2021) is 301 
exemplary in its spatial extent (28 sites, in 14 cities, spanning 5 continents globally), this was a 302 
short-term experiment that relied on each partner independently ‘buying in’ and having the 303 
financial and human resources to contribute within a particular timeframe. Consequently, the 304 
temporal extent was limited to just 12 months. Nonetheless, this model of global replication is 305 
the 'gold standard’ and should be aspired to when and if global funding opportunities enable 306 
such projects. Replication of previous experiments at new locations also shows that results 307 
cannot be generalized; in contrast to experiments conducted by Perkol-Finkel and Sella (2014) 308 
in Israel, experiments by Hsiung et al. (2020) in the UK and Singapore showed concrete pH to 309 
be unimportant in determining biodiversity. Similarly, whereas artificial rockpools have strong 310 
positive effects on biodiversity in many temperate settings (Browne and Chapman, 2014; Evans 311 
et al., 2015, Ostalé-Valriberas et al., 2018; Hall et al., 2019), in some tropical settings, extreme 312 
high temperatures, precipitation and sedimentation may limit their benefits (Firth and Williams 313 
2009; Waltham and Sheaves, 2018; 2021, but see Chee et al., 2020). In a study spanning five 314 
locations across three continents, Mayer-Pinto et al. (in review) found conflicting results for GGI 315 
interventions on productivity and respiration metrics. Many GGI interventions (especially those 316 
that need to be affixed to infrastructure, such as tiles, panels and precast units such as 317 
vertipools and pots) are susceptible to damage from wave action (Browne and Chapman, 2011), 318 
interference by sediment inundation (see section 2.4.3 below), and even total burial by sand, 319 
particularly of the intervention is associated with shore perpendicular groynes (e.g., the 320 
BIOBLOCK, Firth et al. 2020). Conducting experiments along wave exposure gradients will yield 321 
invaluable information about limiting conditions and engineering constraints.  322 
  323 
For eco-engineering interventions based on habitat complexity enhancement, key correlates of 324 
spatial variation include latitude, tidal height, size of the local species pool, and locally dominant 325 
stressors (Strain et al., 2021; O'Shaughnessy et al., 2021; Clifton et al., 2022). These factors 326 
are likely to reflect the varying importance of habitat complexity in mitigating key environmental 327 
stressors (e.g., extreme temperatures, desiccation) and intensity of biological interactions 328 
(predation, competition, facilitation) in different settings (Strain et al., 2018a). They will also 329 
reflect environmental variability in the identity, diversity and supply of colonists on which habitat 330 
complexity can act (Clifton et al., 2022). The type of habitat complexity provided (e.g., holes, 331 
crevices, water-retaining features) also influences eco-engineering outcomes (Strain et al., 332 
2018a; Bishop et al., 2022). Thus, identification of natural complexity patterns on different rock 333 
types and how they vary across latitudes, wave exposure gradients and tidal ranges are 334 
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relevant in this context to inform eco-engineering approaches (e.g., latitudinal gradients in 335 
microhabitat availability; Bracewell et al., 2018; Aguilera et al., 2022). Biomimicry-inspired 336 
designs, by learning from nature can inform both the ecological functioning and aesthetics of 337 
GGI (Pioch and Souche, 2021); habitat-building species may provide the most profitable 338 
avenues to explore (Byers 2022). 339 
  340 
Despite increasing spatial replication (see Box 4), most GGI studies remain limited to less than 341 
one year (reviewed by Strain et al., 2018a, Dodds et al., 2022; but see Wilkinson et al., 1996, 342 
Bender et al., 2020, Chee et al., 2020, Bishop et al., 2022 for exceptions). The importance of 343 
GGI interventions for biodiversity can change over time. Both Martins et al. (2016) and Bender 344 
et al. (2020) revealed similar positive results on revisiting GGI installations after six and twelve 345 
years respectively (see Martins et al., 2010 and Langhamer and Wilhelmsson, 2009 for original 346 
studies). Importantly, both studies specifically targeted enhancing species of commercial 347 
interest. Less is known about the long-term influence of GGI interventions on biodiversity more 348 
broadly. Where rates of succession are slower (e.g., in temperate regions), early colonization 349 
processes remain over-represented in the GGI literature. Meta-analyses report weak (non-350 
significant) patterns of diminishing substrate property and habitat complexity effects through 351 
time, and more multi-year studies are needed to adequately explore this (Strain et al., 2018a; 352 
Dodds et al., 2022). Indeed, in addition to the confounding impacts of competition noted above, 353 
Bishop et al. (2022) reported diminishing effects of physical habitat complexity on species 354 
richness after one year, because habitat-forming taxa themselves became the key determinant 355 
of habitat complexity. Early and mid-successional opportunistic species may also inhibit later 356 
colonizers, unless their dominance is broken by physical or biological disturbance (Sousa 1979). 357 
Besides evaluating the benefits of eco-engineering at ecologically meaningful scales, long time 358 
series are critical in assessing GGI performance under rapidly changing environmental 359 
conditions (e.g., warming associated with climate change, Sun et al., 2022; Waltham et al., in 360 
review). 361 
 362 
2.4 Report on unintended outcomes 363 
All experimental trials and installations have the potential to become damaged and/or lost due to 364 
a range of natural and anthropogenic factors. For instance, tiles or units that are affixed to 365 
seawalls may suffer damage from wave action and storms (Browne and Chapman, 2011), or 366 
vandalism from members of the public (de Moraes et al., 2022). It is important that researchers 367 
and practitioners alike report on such incidents, particularly in relation to factors that can be 368 
controlled, such as choosing a location that is less likely to be damaged by wave action. 369 
Arguably, it is more important to know when schemes fail than when they succeed, as greater 370 
knowledge is gained from failure than from success. In the sections below, we review some 371 
recent advances in some of the unintended outcomes that were identified by Firth et al. (2020). 372 
 373 
2.4.1 Ecological traps and happy accidents 374 
‘Ecological traps’ occur when the links between habitat quality and habitat selection are 375 
decoupled, resulting in negative fitness outcomes (Battin, 2000; Komyakova and Swearer, 376 
2019; Swearer et al., 2021). Depending on the scale of impact and the species in question, 377 
ecological traps may cause local and regional extinctions (Hale et al., 2015). The question of 378 
ecological trap formation due to GGI installations has received little attention. Recent research 379 
on artificial reefs (Komyakova et al., 2021) and fish farms (Barrett et al., 2018, 2019) provide 380 
some evidence for concerns. Habitat selection is generally based on suitable habitat detection 381 
using a range of cues (Kingsford et al., 2002). Increased temperatures and pollution (e.g., 382 
chemical, light, and noise) can impede the ability of larvae to differentiate positive and negative 383 
selection cues (Doney et al., 2009; Nilsson et al., 2012) leading to poor habitat selection 384 
decisions with negative fitness consequences (Fobert et al., 2019; Komyakova et al., 2022; 385 
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Marangoni et al., 2022). Consequently, GGI installations deployed in polluted environments 386 
(e.g., ports, marina, and harbors) may enhance the likelihood of ecological trap formation 387 
(Komyakova et al., 2022). Additionally, if GGI is applied to marine infrastructure where 388 
recreational fishing is popular, higher mortality rates for certain species may result (Swearer et 389 
al., 2021); perpetuating the attraction over production argument (Pickering and Whitmarsh, 390 
1997). Further research is urgently needed to understand the implications of increased 391 
attractiveness of GGI installations and potential fitness consequences. Importantly, artificial 392 
habitats can act as ecological traps for some species and population sources for others, and 393 
hence a multi-species approach is needed (Komyakova et al., 2021). 394 
 395 
Some coastal infrastructure can have unintended positive outcomes or ‘happy accidents’ 396 
(Rosenzweig, 2003) for species of conservation concern. In South African estuaries, marinas 397 
are constructed with gabions (wire cages filled with rocks) and lined with reno mattresses 398 
(flattened gabion boxes used to line canals for erosion control). Originally chosen for aesthetic 399 
purposes, the gabions and reno baskets have serendipitously provided habitat to the 400 
endangered Knysna seahorse (Hippocampus capensis) (Claassens, 2016; Claassens and 401 
Hodgson, 2018) and are even used by H. capensis (and other species) in preference to natural 402 
eelgrass habitat (Claassens et al., 2018). Similarly, seawalls in the port of Ceuta, North Africa 403 
appear to be important refuges for the endangered limpet, Patella ferruginea from human 404 
harvesting (Rivera-Ingraham et al., 2011). Where coastal infrastructure supports species of 405 
conservation concern (see Firth et al., 2016a and Ostalé-Valriberas et al., 2022 for reviews), 406 
attempts should be made to deploy GGI interventions to boost populations (e.g., Martins et al., 407 
2010; Langhamer & Wilhelmsson 2009) and to manage such sites as part of wider networks 408 
(e.g., artificial marine micro reserve networks, García-Gómez et al., 2011, 2015; Ostalé-409 
Valriberas et al., 2022). 410 
 411 
2.4.2 Invasive non-native species 412 
Convention suggests that GGI installations can promote the diversity and abundance of native 413 
species, with the view to offsetting invasion success of non-native species (NNS, Stachowicz et 414 
al., 1999; Arenas et al., 2006). There is no reason, however, why an increase in habitat 415 
complexity (either physical or biological via seeding/transplanting of habitat-formers) should not 416 
also favour NNS (Gauff et al., 2023). Evidence of NNS responses to GGI approaches is growing 417 
(e.g., Peters et al., 2017; Perkol-Finkel et al., 2018; O’Shaughnessy et al., 2020a) with variable 418 
outcomes across geographic locations, tidal height, types of interventions and functional groups 419 
or species. NNS responses to GGI interventions are inevitably species-specific depending on 420 
the environmental tolerances and traits expressed by individual species. Rather than looking at 421 
the diversity of NNS across experimental units, researchers could consider diversity/abundance 422 
of native species as covariates in analyses, and how patterns of colonization by natives 423 
interacts with experimental manipulation in NNS response. 424 
  425 
Early evidence that GGI interventions could enhance native biodiversity over NNS came from 426 
“bio-enhanced panels” (Perkol-Finkel et al., 2018), although, as both surface complexity and 427 
concrete composition were manipulated in the "bio-enhanced panels" individual effects cannot 428 
be distinguished. More recent GGI studies replicated in different geographical locations (World 429 
Harbour Project) isolated complexity from other factors with contrasting results. For example, in 430 
Plymouth, UK, O'Shaughnessy et al. (2021), reported reduced NNS abundance on complex 431 
compared to flat tiles deployed subtidally; a similar result emerged for intertidal treatments in 432 
Sydney, Australia (Vozzo et al., 2021a). By contrast, no treatment-specific differences emerged 433 
for NNS in either sub- or intertidal experiments in East London, South Africa (Mafanya, 2020) 434 
despite the presence of NNS in the local area (Peters et al., 2017). Using the same panels in 435 
Sydney, Australia, Schaefer et al. (2023) found that the more complex tiles supported greater 436 
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abundance of invasive ascidians, particularly when manufactured with oyster shells compared 437 
to controls or those manufactured with vermiculite. Similarly, Gauff et al. (2023) working in 438 
Toulon, France, found that complex habitat, engineered to protect juvenile fish from predation, 439 
increased NNS numbers. Less information on GGI and NNS is available from the tropics, but 440 
reports from several major shipping ports have found few to no NNS (Waltham and Sheaves, 441 
2021; Tan et al., 2018; Wells, 2018; Wells et al., 2019; Wells and Bieler 2020). 442 
  443 
The ‘priming’ of grey infrastructure by the addition or ‘seeding’ of native habitat-forming species 444 
to reduce NNS recruitment has also been investigated but has again generated mixed results. 445 
O'Shaughnessy et al. (2021) found no difference in numbers of NNS across seeding treatments, 446 
while Vozzo et al. (2021a) reported how GGI seeding with a native oyster increased the 447 
abundance of a non-native isopod. Morris et al (2018b) however found that the seeding of 448 
water-retaining rock pools with mobile invertebrates limited NNS establishment.  449 
 450 
Despite limited evidence that GGI promotes NNS diversity or abundance, practitioners and 451 
government agencies remain concerned that GGI may contribute to the introduction and spread 452 
of NNS. Whilst it might be impossible to predict or prevent colonization of NNS, to minimize risk 453 
of colonization, it is necessary for GGI to be designed to inhibit colonization of pest species of 454 
local concern (see Dafforn, 2017 for review). This requires knowledge of the local species pool 455 
and potential impacts to native biodiversity. Furthermore, knowledge of NNS hotspots linked to 456 
shipping patterns may be informative (Tidbury et al., 2016; O’Shaughnessy et al., 2020b). 457 
 458 
2.4.3 Effects of sedimentation 459 
GGI interventions can be prone to sedimentation, limiting their capacity to host typical hard-460 
substrate biota (Firth et al., 2016b; Hall et al., 2019; Waltham and Sheaves, 2018; Bone et al., 461 
2022b). Although considered a potential management issue, due to the perceived costs and 462 
need for responsibility associated with sediment removal (Waltham and Sheaves, 2018), 463 
sediment collected in artificial rockpools in the UK contained infauna typical of surrounding 464 
estuary mudflats (Bone et al., 2022b). Consequently, it is important to consider retained 465 
sediment as potential habitat and to sample accordingly, even if the retained sediment is 466 
perceived to be less ‘interesting’ than rockpool habitats by the public or practitioners (Bone, 467 
pers. comm.). Changes in attitude towards retained sediment begins with the scientists 468 
themselves (often with backgrounds in rocky shore ecology) viewing sedimentation as ‘potential’ 469 
instead of ‘problem’. Nonetheless, undesirable sedimentation could be avoided by greater 470 
understanding of the local sediment supply and the depositional environment prior to GGI 471 
installation. The inherent dynamism of coastal environments means that features previously free 472 
of sedimentation may suddenly become inundated, and vice versa. Given that infrastructure 473 
often causes loss of sedimentary habitats (Heery et al., 2017), much greater attention should be 474 
given to GGI interventions that encourage the accumulation of sediments, but on sufficiently 475 
large scales that they support fully functional habitats. 476 
 477 
2.5 Research and practice should progress in tandem – scaling up 478 
The GGI concept has been driven since the early 2000s by an ecological research perspective 479 
showing that shoreline armouring has significant impacts on biodiversity and functioning 480 
(Chapman, 2003; Airoldi et al., 2005; Mayer-Pinto et al., 2018). Integrating GGI into everyday 481 
practice requires interdisciplinary collaboration and co-design - combining the necessary 482 
engineering and ecological expertise to ensure GGI success and incorporation into technical 483 
standards (Pioch et al. 2018). Unfortunately, logistical and financial constraints have limited GGI 484 
experiments to small-scale (i.e., few meters of the complete infrastructure) projects retrofitted 485 
onto existing structures, with few examples globally of research uptake into industry-led projects 486 
(but see Box 4 on Living Seawalls). 487 



 
 

12 

The Seattle seawall project showcases the integration of research into practice. Small-scale 488 
trials of complex concrete panels and a bench installation at the seawall base to test GGI 489 
approaches provided shallow-water habitat and enhanced prey for migrating juvenile salmon 490 
(Toft et al., 2013; Cordell et al., 2017; Sawyer et al., 2020). These techniques were later 491 
upscaled to nearly 1-km of upgraded seawall, with the addition of skylights into the boardwalk to 492 
increase light penetration to the migration corridor. It was estimated that the incorporation of 493 
GGI added 2% cost to the US $410 million build (Sawyer et al., 2020; Accola et al., 2022a), but 494 
the costs of long-term maintenance is unknown. This project was co-designed by ecologists and 495 
engineers from the onset, with a clear objective to improve fish habitat while providing the 496 
coastal protection required, and human access to and appreciation of the marine environment. 497 
As such it provides an aspirational benchmark and standard, not only for the application of GGI 498 
initiatives, but multifunctional infrastructure globally. 499 
 500 
2.6 Develop appropriate policies and guidance 501 
Key to avoiding greenwashing is the co-creation of guidance, case studies and policy 502 
instruments with practitioners (Naylor et al. 2012) in several domains (e.g., flood risk, green 503 
infrastructure) where eco-engineering interventions and implementation measures are placed 504 
on a spectrum (Figure 2, Pioch et al., 2011; Perkol-Finkel and Sella, 2014; Taljaard et al., 2019; 505 
Naylor et al., 2023). Levers that could support increased uptake of eco-engineering are 506 
documented (e.g., Naylor et al., 2012, Pioch et al., 2018; Evans et al., 2019; Mayer-Pinto et al., 507 
2017; Claassens et al., 2022) and policy gaps identified (e.g., Victoria’s (Australia) Coastal 508 
Strategy, 2020 and South Africa’s Coastal Management Act, 2014, RSA, 2014; Global Inventory 509 
of Biodiversity Offsetting Policies, GIBOP, 2019). To avoid greenwashing, specific guidance and 510 
co-created case studies (e.g., International Guidelines, Suedel et al. 2021; NOAA’s Habitat 511 
Blueprint), strategic plans (e.g., National Marine Science, 2014), state of science (Australian 512 
Government, 2021), regulatory requirements (e.g., Hydraulic Project Approval) and policy 513 
instruments (e.g., Welsh Government, 2021) are crucial. Flood management is the policy 514 
domain where the greatest efforts have been undertaken to limit greenwashing and encourage 515 
uptake of green-grey eco-engineering (e.g., The Washington State Hydraulic Project Approval, 516 
USA). The United Kingdom is a leader in this space, with eco-engineering (and GGI) guidance 517 
(Naylor et al., 2012, 2017; CIRIA, in prep) and co-produced case studies (Estuary Edges, 2008; 518 
Naylor et al. 2017) leading to statutory flood policies (Welsh Government, 2019, 2021), explicitly 519 
stating that GGI should only be implemented where other nature-based options are not suitable. 520 
Similar inventories of case studies and guidance exist for Singapore (Lai et al., 2022) and 521 
Malaysia (Chee et al., 2021b). In 2023, the French ministry will publish a guideline to favour GGI 522 
and eco-engineering practices in future French ports (DGITM, 2022). Other policy domains 523 
(e.g., conservation, infrastructure, marine) would benefit from explicitly mentioning green-grey 524 
eco-engineering. 525 
 526 
3. Greening of grey infrastructure and greenwashing 527 
Central to Firth et al. (2020) was a concern that GGI could be misused for greenwashing as 528 
consultants, developers, and local authorities implement GGI to expedite, facilitate, and reduce 529 
costs of regulatory processes. Not only does this remain the case, but reports from municipal 530 
engineers (Firth, pers. comm.) also indicate how by strategically incorporating GGI onto marine 531 
infrastructure on existing reclaimed land, public opinion can be swayed in support of proposals 532 
for future large-scale land reclamation. This we argue, is a clear example of GGI being used as 533 
a Trojan horse for environmentally harmful development. In response to greater take up of GGI 534 
applications on coastal infrastructure, private companies that design environmental products 535 
have emerged globally. Although vital to successful GGI implementation and development of 536 
local economies, self-evidently, companies that design and produce environmental products 537 
such as habitat enhancement units, novel concretes and artificial reef products stand to gain 538 
financially from greater uptake of GGI schemes. We strongly recommend objective and 539 
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independent evaluation of proposed GGI installations and for a critical assessment of 540 
development monitoring and assessments funded or initiated by those with a conflict of interest. 541 
Furthermore, any data generated should be publicly available to ensure transparency. 542 
 543 
4. Building the evidence base 544 
It is imperative for environmental management decisions and actions, such as GGI, to be 545 
evidence-based (Downey et al., 2022; Lemasson et al., 2023; Sheaves et al., 2021), to 546 
maximize beneficial outcomes and minimize waste of time and resources, mainly from public 547 
funds (Sutherland and Wordley, 2017). In the nascent field of GGI, we must remain particularly 548 
cautious when making decisions to avoid potential evidentiary dissonance (where a paradigm is 549 
supported by an apparent abundance of evidence, but with little basis in actual reported 550 
scientific findings and a ‘too big to fail’ complex; see discussion by Sheaves et al., 2020). This 551 
phenomenon has been reported in other fields of environmental management (Sheaves et al., 552 
2020; Lemasson et al., 2023). Here, this might occur if we were to promote the paradigm that 553 
GGI is beneficial without establishing evidentiary scientific support first (Gauff et al., 2023). 554 
  555 
GGI may still suffer from a lack of underpinning science that can be used to support evidence-556 
based management. Firth et al. (2020) highlighted some of the limitations to the evidence base, 557 
including difficulty generalizing the findings (different metrics, timescales, environmental 558 
conditions, sampling protocols). Significant progress has been made in response to the call for 559 
action expressed in their 2020 paper (see Table 1 for summary; see also the work discussed in 560 
this paper). Importantly, many new schemes have emerged since 2020 that have been driven 561 
by the practitioner and not the scientific community (see CIRIA, in prep for comprehensive 562 
inventory of UK examples). Ecological responses from such practitioner-led projects will not be 563 
subjected to the same rigour and criticism as peer-reviewed scientific literature and may be 564 
difficult to find online. Crucial evidence may also be ‘hidden’ from the general scientific literature, 565 
their access restricted due to institutional or corporate confidentiality, or due to a lack of 566 
transparency or willingness to share from their authors (Sheaves et al. 2016). We must learn 567 
from other fields of environmental management where collaborative sharing across sectors is 568 
becoming more standard practice (such as in the field of oil and gas decommissioning; e.g., 569 
INSITE programme, Table 3).   570 
  571 
The past few years have seen a clear effort to improve the GGI evidence base, but also to 572 
consolidate it, with evidence syntheses starting to emerge (Strain et al., 2018a; O’Shaughnessy 573 
et al., 2020a; Evans et al., 2021). These efforts are promising but become rapidly out of date to 574 
the rapidly evolving field and proliferation of the literature. Some fall somewhat short of the 575 
standards required of evidence syntheses due to not being based on robust, transparent, and 576 
repeatable methods. Others may not reflect accurately on the state-of-the-art, being selective of 577 
only a few specific GGI interventions, rather than encompassing all possible known GGI 578 
interventions, and only incorporate published literature, excluding the grey literature (thus likely 579 
biasing the results towards positive results and ‘successes’ rather than ‘failures’). Future 580 
syntheses should thus aim to follow the gold standards (see Lemasson et al., 2021, 2022 for a 581 
systematic protocol and map of evidence available to inform oil and gas decommissioning), 582 
incorporate all possible GGI interventions, and include both published and grey literature where 583 
possible, to provide the best possible scientific support for management and decision making 584 
when it comes to applying GGI. If ‘reefing’ of oil and gas and offshore windfarms as a 585 
decommissioning option becomes more and more popular in the future (Schläppy et al., 2021), 586 
how these structures could be modified or treated prior to reefing to maximize benefits (such as 587 
biodiversity enhancement, or targeted species overexploited for instance) should be 588 
investigated (see Knights et al. 2023, 2024 for examples using expert scientific consensus). GGI 589 
could be applied to decommissioned offshore structures (either prospectively or retrospectively) 590 
to achieve greater ecological benefits. Whilst some studies do exist that touch on this topic for 591 
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existing operational structures (Langhamer and Wilhelmsson, 2009; Langhamer, 2012; Bos et 592 
al., 2021; Roach et al., 2022), we highlight that this is a major knowledge gap that should be 593 
investigated for both existing and decommissioned structures in the future. 594 
 595 
5. Concluding remarks 596 
In this paper, we provide an update on state-of-the-art of GGI research since 2020 (summarised 597 
in Table 1). Researchers are designing better experiments by testing the independent and 598 
interactive effects of habitat area and spatial configuration, standardizing comparisons between 599 
units by using small sampling units or compartmentalizing data by microhabitats, considering 600 
greater numbers of materials, experimental units, surface orientations and context-specific 601 
refuge provision (see section 2.1). Researchers are also going beyond simple biodiversity 602 
metrics and capture other biological, environmental, and societal information (see section 2.2.). 603 
In many places, existing installations and experiments are being revisited to test responses over 604 
longer timescales and repeated and replicated under different environmental contexts (see 605 
section 2.3). Far greater attention is being given to reporting on unintended outcomes such as 606 
GGI performing as ecological traps, supporting invasive species and being inundated by 607 
sediments or indeed occasional happy accidents with unexpected benefits (see section 2.4). 608 
Whilst limited evidence is currently available on ‘real world’ scaled up installations (but see 609 
Living Seawalls, Box 4), some large scale projects are beginning to emerge (see section 2.5). 610 
Finally, appropriate policies and guidance are beginning to emerge (see section 2.6). Table 3 611 
provides links to some of the major tools and resources that are available to practitioners and 612 
educators. 613 
  614 
The global evidence base for GGI is rapidly expanding. We urge researchers and practitioners 615 
not to oversell their results and report all findings in a nuanced manner, reflective of the short-616 
term duration and scale of interventions in the wider context of experimental damage caused by 617 
the construction, particularly if it is a new development. We recommend synthesizing this 618 
evidence base using systematic mapping approaches and learning from other fields of 619 
environmental management where collaborative sharing across sectors is becoming more 620 
standard practice. Importantly, some major knowledge gaps remain. Critically, properly scaled 621 
up examples of GGI are still lacking. Whilst the Living Seawall (Box 4) is a great example of how 622 
science is being put into practice at real world scales, the driver behind this example is still very 623 
much the research community and not the practitioner. Similarly, how such installations alter 624 
connectivity patterns across seascape scales remains unknown. Looking to the future, a major 625 
challenge will be to predict how GGI will interact with climate change for both NNS and native 626 
species that are on the move (Cannizzo et al., 2019, 2020). This is particularly true if future GGI 627 
efforts are applied to structures spanning natural barriers to dispersal and biogeographic 628 
provinces (e.g., Forbes’ Line in the UK and Ireland, Firth et al. 2021b; see also Lacroix and 629 
Pioch, 2011). Whilst great advances have been made through large-scale interdisciplinary 630 
projects, these are often spatially restricted to national or regional scales based on funding 631 
mechanisms. By addressing the above-mentioned challenges we will dramatically improve our 632 
ability to implement GGI in appropriate ways that can be classed as laurel wreaths over fig 633 
leaves or Trojan horses and achieve true win-wins for humanity and nature. 634 
  635 
The 51 authors on this paper represent institutes in 14 countries spanning five continents. Here 636 
we argue the need for a paradigm shift of current funding strategies and research programmes 637 
that will encourage the development, implementation, and translation of GGI science at global 638 
scales. There is currently a lack of science and practice outside of academic sectors in the 639 
developed world, and insufficient global funding mechanisms that can support such 640 
collaborations. This rationale further evokes the need for equitable North-South partnerships in 641 
science informing GGI, that is well embedded in the UN Local2030 agenda, with a key focus on 642 
sharing of tools and demand-driven research and action. There is, thus, a collective need for 643 
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schemes that encourage intersectoral and transsectoral research, knowledge exchange, and 644 
capacity building to optimize GGI in the pursuit of contributing to sustainable development. 645 
 646 
Acknowledgements 647 
This work was supported by the Natural Environment Research Council (NERC) and the ARIES 648 
Doctoral Training Partnership [NE/S007334/1] and the Natural Environment Research Council 649 
Growing Roots Funding [GR303].  650 
 651 
Literature cited 652 
Accola KL, Horne JK, Cordell JR and Toft JD (2022a) Nocturnal distributions of juvenile Pacific salmon 653 

along an eco-engineered marine shoreline. Marine Ecology Progress Series 687: 113-123. 654 
Accola KL, Horne JK, Cordell JR and Toft JD (2022b) Acoustic characterization of juvenile Pacific salmon 655 

distributions along an eco-engineered seawall. Marine Ecology Progress Series 682: 207-220. 656 
Adams T, Miller R, Aleynik D, Burrows MT (2014) Offshore marine renewable energy devices as stepping 657 

stones across biogeographical boundaries. Journal of Applied Ecology 51: 330–338.   658 
Adams LW, Morris RL, Hull RB, Dempster T and Strain EMA (2021) Making marinas bivalve friendly for 659 

enhanced biodiversity outcomes. Marine Pollution Bulletin 169: 112464.  660 
Aguilera MA, Broitman BR and Thiel M (2016) Artificial breakwaters as garbage bins: structural complexity 661 

enhances anthropogenic litter accumulation in marine intertidal habitats. Environmental Pollution 214: 662 
737-747. 663 

Aguilera MA (2018) Artificial defences in coastal marine ecosystems in Chile: Opportunities for spatial 664 
planning to mitigate habitat loss and alteration of the marine community structure. Ecological 665 
Engineering 120: 601-610 666 

Aguilera MA, Bulleri F and Thiel M (2022) Weak effects of age but important role of microhabitats in 667 
community differences between breakwaters and natural rocky shores across a latitudinal gradient. 668 
Global Ecology and Biogeography 31: 2368-2380. 669 

Aguilera MA, Rojas A, Bulleri F and Thiel M (2023a) Breakwaters as habitats for synanthropes: Spatial 670 
associations of vertebrates and vegetation with anthropogenic litter. Science of The Total Environment 671 
862: 160753. 672 

Aguilera MA, Araya A, Rojas A, Ortiz L and Strain EMA (2023b) Designing urban ports for improved 673 
coastal ecosystem services: lessons learnt for enhancing biodiversity and reducing social-ecological 674 
conflicts. Regional Studies in Marine Science (in press). 675 

Airoldi L, Abbiati M, Beck MW, Hawkins SJ, Jonsson PR, Martin D, Moschella PS, Sundelöf A, Thompson 676 
RC, Åberg P (2005) An ecological perspective on the deployment and design of low-crested and other 677 
hard coastal defence structures. Coastal Engineering 52: 1073–1087. 678 

Airoldi L, Turon X, Perkol-Finkel S, Rius M (2015) Corridors for aliens but not for natives: effects of marine 679 
urban sprawl at a regional scale. Diversity & Distributions 21: 755–768.  680 

Airoldi L, Beck MW, Firth LB, Bugnot AB, Steinberg PD and Dafforn KA (2021) Emerging solutions to 681 
return nature to the urban ocean. Annual Review of Marine Science 13: 445-477. 682 

Ajemian MJ, Wetz JJ, Shipley-Lozano B, Shively JD, and Stunz GW (2015) An analysis of artificial reef fish 683 
community structure along the northwestern Gulf of Mexico shelf: potential impacts of “Rigs-to-Reefs” 684 
programs. PLoS One 10: e0126354. 685 

Ajibade I (2017) Can a future city enhance urban resilience and sustainability? A political ecology analysis 686 
of Eko Atlantic city, Nigeria. International Journal of Disaster Risk Reduction 26: 85-92. 687 

Allen JR, Wilkinson SB, and Hawkins SJ (1995) Redeveloped docks as artificial lagoons: The development 688 
of brackish-water communities and potential for conservation of lagoonal species. Aquatic 689 
Conservation: Marine and Freshwater Ecosystems 5: 299-309. 690 

Amstutz A, Firth LB, Spicer JI and Hanley ME (2021) Facing up to climate change: community composition 691 
varies with aspect and surface temperature in the rocky intertidal. Marine Environmental Research 172: 692 
105482. 693 

Amstutz A, Firth LB, Foggo A, Spicer J and Hanley ME (2024) The north-south divide? Macroalgal 694 
functional trait diversity and redundancy varies with intertidal aspect. Annals of Botany XX: XX-XX In 695 
Press 696 

Arenas F, Sánchez I, Hawkins SJ and Jenkins SR (2006) The invasibility of marine algal assemblages: 697 
role of functional diversity and identity. Ecology 87: 2851-61. 698 



 
 

16 

Athens JS (1980) Pottery from Nan Madol, Ponape, Eastern Caroline Islands. The Journal of the 699 
Polynesian Society 89: 95–99.  700 

Bacchiocchi F and Airoldi L (2003) Distribution and dynamics of epibiota on hard structures for coastal 701 
protection. Estuarine, Coastal and Shelf Science 56: 1157-1166.  702 

Bas A, Jacob C, Hay J, Pioch S and Thorin S (2016) Improving marine biodiversity offsetting: a proposed 703 
methodology for better assessing losses and gains. Journal of Environmental Management 175: 46-59. 704 

Barrett LT, Swearer SE, Harboe T, Karlsen Ø, Meier S and Dempster T (2018) Limited evidence for 705 
differential reproductive fitness of wild Atlantic cod in areas of high and low salmon farming density. 706 
Aquaculture Environment Interactions 10: 369-383. 707 

Barrett LT, Swearer SE and Dempster T (2019) Impacts of marine and freshwater aquaculture on wildlife: 708 
a global meta-analysis. Reviews in Aquaculture 11: 1022-1044. 709 

Bartholomew A, Burt JA and Firth LB (2022) Artificial reefs in the Arabian Gulf: Benefits, challenges and 710 
recommendations for policy-makers. Regional Studies in Marine Science 56: 102723. 711 

Battin J (2000) When good animals love bad habitats: ecological traps and the conservation of animal 712 
populations. Conservation Biology 18: 1482–1491. 713 

Becker LR, Ehrenberg A, Feldrappe V, Kroncke I, Bischof K (2020) The role of artificial material for benthic 714 
communities – establishing different concrete materials as hard bottom environments. Marine 715 
Environmental Research 161: 105081. 716 

Belhassen Y, Rousseau M, Tynyakov J, Shashar N (2017) Evaluating the attractiveness and effectiveness 717 
of artificial coral reefs as a recreational ecosystem service. Journal of Environmental Management 203: 718 
448–456.    719 

Bender A, Langhamer O and Sundberg J (2020) Colonisation of wave power foundations by mobile mega-720 
and macrofauna–a 12 year study. Marine Environmental Research 161: 105053. 721 

Bergen SD, Bolton SM and Fridley JL (2001) Design principles for ecological engineering. Ecological 722 
Engineering 18: 201-210.   723 

Bigard C, Thiriet P, Pioch S and Thompson JD (2020) Strategic landscape-scale planning to improve 724 
mitigation hierarchy implementation: An empirical case study in Mediterranean France. Land Use 725 
Policy 90: 104286.  726 

Bishop MJ, Vozzo ML, Mayer-Pinto M and Dafforn KA (2022) Complexity–biodiversity relationships on 727 
marine urban structures: reintroducing habitat heterogeneity through eco-engineering. Philosophical 728 
Transactions of the Royal Society B 377(1857): 20210393. 729 

Bone JR, Stafford R, Hall AE and Herbert RJH (2022a) The intrinsic primary bioreceptivity of concrete in 730 
the coastal environment – A review. Developments in the Built Environment 10: 10078 731 

Bone JR, Stafford R, Hall AE, Boyd I, George N and Herbert RJ (2022b) Estuarine infauna within 732 
incidentally retained sediment in artificial rockpools. Frontiers in Marine Science 8: 2013. 733 

Bos OG, Hermans A and Prusina I (2021) Nature-Inclusive Design: a catalogue for offshore wind 734 
infrastructure. In NORA 4 Reconnecting across Europe. 735 

Boström-Einarsson L, Babcock R, Bayraktarov E, Ceccarelli D, Cook N, Ferse S, Hancock B, Harrison P, 736 
Hein M, Shaver E, Smith A (2020) Coral restoration–A systematic review of current methods, 737 
successes, failures and future directions. PloS One 15: 0226631.   738 

Bracewell SA, Clark GF and Johnston EL (2018) Habitat complexity effects on diversity and abundance 739 
differ with latitude: an experimental study over 20 degrees. Ecology 99: 1964-1974. 740 

Bradford TE, Astudillo JC, Lau ET, Perkins MJ, Lo CC, Li TC, Lam CS, Ng TP, Strain EM, Steinberg PD 741 
and Leung KM (2020) Provision of refugia and seeding with native bivalves can enhance biodiversity 742 
on vertical seawalls. Marine Pollution Bulletin 160: 111578. 743 

Bressler A and Bernstein BB (2015) A costing model for offshore decommissioning in California. Integrated 744 
Environmental Assessment & Management 11: 554-563. 745 

Browne MA and Chapman MG (2011) Ecologically informed engineering reduces loss of intertidal 746 
biodiversity on artificial shorelines. Environmental Science & Technology 45: 8204-8207. 747 

Browne MA and Chapman MG (2014) Mitigating against the loss of species by adding artificial intertidal 748 
pools to existing seawalls. Marine Ecology Progress Series 497: 119-129. 749 

BSSE, Bureau of Safety and Environmental Enforcement (2018) https://www.bsee.gov/what-we-750 
do/environmental- focuses/rigs-to-reefs. 751 

Bugnot AB, Mayer-Pinto M, Airoldi L, Heery EC, Johnston EL, Critchley LP, Strain EMA, Morris RL, Loke 752 
LHL, Bishop MJ and Sheehan EV (2021) Current and projected global extent of marine built structures. 753 
Nature Sustainability 4: 33-41. 754 



 
 

17 

Bulleri F, Batten S, Connell SD, Benedetti-Cecchi L, Gibbons M, Nugues MM and Gribben P (2020). 755 
Human pressures and the emergence of novel marine ecosystems. In Oceanography and Marine 756 
Biology: an Annual Review 58: 441-494. CRC Press. 757 

Bulleri F, Pretti C, Bertolino M, Magri M, Pittaluga GB, Sicurelli D, Tardelli F, Manzini C, Vannini C, Verani 758 
M and Federigi I (2022) Adding functions to marine infrastructure: Pollutant accumulation, physiological 759 
and microbiome changes in sponges attached to floating pontoons inside marinas. Science of The 760 
Total Environment 848: 157773. 761 

Burt JA and Bartholomew A (2019) Towards more sustainable coastal development in the Arabian Gulf: 762 
Opportunities for ecological engineering in an urbanized seascape. Marine Pollution Bulletin 142: 93-763 
102. 764 

Burt J, Bartholomew A. and Usseglio P (2008) Recovery of corals a decade after a bleaching event in 765 
Dubai, United Arab Emirates. Marine Biology 154: 27-36.   766 

Burt J, Bartholomew A, Usseglio P, Bauman A and Sale P (2009) Are artificial reefs surrogates of natural 767 
habitats for corals and fish in Dubai, United Arab Emirates? Coral Reefs 28: 663–675.    768 

Burt JA, Feary DA, Cavalcante G, Bauman AG and Usseglio P (2013) Urban breakwaters as reef fish 769 
habitat in the Persian Gulf. Marine Pollution Bulletin 72: 342–350.  770 

Burton W, Farrar J, Steimle F and Conlin B (2002) Assessment of out-of-kind mitigation success of an 771 
artificial reef deployed in Delaware Bay, USA. ICES Journal of Marine Science 59 (suppl): S106-S110.   772 

Byers JE. (2022) Using ecosystem engineers to enhance multiple ecosystem processes. Functional 773 
Ecology 2022: 1-15. 774 

Campbell JF, Moberly RM and Olson HF (1988) USA—Hawaii. In Artificial structures and shorelines, H. J. 775 
Walker (ed.). Boston: Kluwer Academic Publishers, 443–452.  776 

Campos L, Ortiz M, Rodríguez-Zaragoza F and Oses R (2020) Macrobenthic community establishment on 777 
artificial reefs with Macrocystis pyrifera over barren-ground and soft-bottom habitats. Global Ecology 778 
and Conservation 23: e01184.   779 

Cannizzo ZJ and Griffen BD (2019) An artificial habitat facilitates a climate-mediated range expansion into 780 
a suboptimal novel ecosystem. PLoS One 14: e0211638. 781 

Cannizzo ZJ, Lang SQ, Benitez-Nelson B and Griffen BD (2020) An artificial habitat increases the 782 
reproductive fitness of a range-shifting species within a newly colonized ecosystem. Scientific Reports 783 
10: 1-13. 784 

Castello y Tickell S, Sáenz-Arroyo A and Milner-Gulland EJ (2019) Sunken worlds: The past and future of 785 
human-made reefs in marine conservation. BioScience 69: 725-735.  786 

Chapman MG (2003) Paucity of mobile species on constructed seawalls: effects of urbanization on 787 
biodiversity. Marine Ecology Progress Series 264: 21-29. 788 

Chee SY, Othman AG, Sim YK, Adam ANM and Firth LB (2017) Land reclamation and artificial islands: 789 
Walking the tightrope between development and conservation. Global Ecology and Conservation 12: 790 
80-95. 791 

Chee SY, Wee JLS, Wong C, Yee JC, Yusup Y and Mujahid A (2020) Drill-cored artificial rock pools can 792 
promote biodiversity and enhance community structure on coastal rock revetments at reclaimed 793 
coastlines of Penang, Malaysia. Tropical Conservation Science 13: 1940082920951912. 794 

Chee SY, Yee JC, Cheah CB, Evans AJ, Firth LB, Hawkins SJ and Strain EMA (2021a) Habitat complexity 795 
affects the structure but not the diversity of sessile communities on tropical coastal infrastructure. 796 
Frontiers in Ecology and Evolution 9: 673227. 797 

Chee SY, Firth LB, Then AYH, Yee JC, Mujahid A, Affendi YA, Amir AA, Lau CM, Ooi JLS, Quek YA and 798 
Tan CE (2021b) Enhancing uptake of nature-based solutions for informing coastal sustainable 799 
development policy and planning: a Malaysia case study. Frontiers in Ecology and Evolution 9: 800 
708507. 801 

Chee SY, Tan ML, Tew YL, Sim YK, Yee JC and Chong AKM (2023) Between the devil and the deep blue 802 
sea: Trends, drivers, and impacts of coastal reclamation in Malaysia and way forward. Science of The 803 
Total Environment 858: 159889. 804 

Chou L (1997) Artificial reefs of southeast Asia-do they enhance or degrade the marine environment? 805 
Environmental Monitoring and Assessment 44: 45–52.   806 

Claassens L (2016) An artificial water body provides habitat for an endangered estuarine seahorse 807 
species. Estuarine, Coastal and Shelf Science 180: 1-10. 808 

Claassens L and Hodgson AN (2018) Monthly population density and structure patterns of an endangered 809 
seahorse Hippocampus capensis: a comparison between natural and artificial habitats. Journal of Fish 810 
Biology 92: 2000-2015. 811 



 
 

18 

Claassens L, Booth AJ and Hodgson AN (2018) An endangered seahorse selectively chooses an artificial 812 
structure. Environmental Biology of Fishes 101: 723-733. 813 

Claassens L, de Villiers NM and Waltham NJ (2022) How developed is the South African coast? Baseline 814 
extent of South Africa's coastal and estuarine infrastructure. Ocean & Coastal Management 222: 815 
106112.  816 

Claisse JT, Pondella DJ, Love M, Zahn LA, Williams CM, Williams JP, and Bull AS. 2014. Oil platforms off 817 
California are among the most productive marine fish habitats globally. Proceedings of the National 818 
Academy of Sciences 111: 15462-15467.  819 

Clifton GA, Dafforn KA and Bishop MJ (2022) The ecological benefits of adding topographic complexity to 820 
seawalls vary across estuarine gradients. Ecological Engineering 182: 106735. 821 

Cohen JE (2003) Human population: the next half century. Science 302: 5648.  822 
Coleman RA, Underwood AJ, Benedetti-Cecchi L, Åberg P, Arenas F, Arrontes J, Castro J, Hartnoll RG, 823 

Jenkins SR, Paula J, Santina PD. A continental scale evaluation of the role of limpet grazing on rocky 824 
shores. Oecologia 147: 556-64. 825 

Cooper A and Jackson D (2018) Northern Ireland Coastal Data: Current Status and Future Options. Report 826 
to the National Trust. 827 

Corbella Stretch DD (2012) Coastal defences on the KwaZulu-Natal coast of South Africa: a review with 828 
particular reference to geotextiles. Journal of the South African Institution of Civil Engineering 54: 55-829 
64. 830 

Cordell JR, Toft JD, Munsch SH and Goff M (2017) Benches, beaches, and bumps: how habitat monitoring 831 
and experimental science can inform urban seawall design. Living shorelines, pp.421-438. 832 

Creese RG, Glasby TM, West G and Gallen C (2009) Mapping the Habitats of NSW Estuaries. Report to 833 
the Hunter Central Rivers Catchment Management Authority. Industry & Investment NSW Fisheries 834 
113: 95pp. 835 

Cresson P, Ruitton S and Harmelin-Vivien M (2014) Artificial reefs do increase secondary biomass 836 
production: mechanisms evidenced by stable isotopes. Marine Ecology Progress Series 509: 15–26.   837 

Critchley LP, Bugnot AB, Dafforn KA, Marzinelli EM and Bishop MJ (2021) Comparison of wrack dynamics 838 
between mangrove forests with and without seawalls. Science of the Total Environment 751: 141371. 839 

Cross Sector Biodiversity Initiative, CSBI (2015) Mitigation hierarchy guide. Retrieved from 840 
http://www.csbi.org.uk/our-work/mitigation- hierarchy-guide/  841 

Dafforn KA, Glasby TM, Airoldi L, Rivero NK, Mayer-Pinto M and Johnston EL (2015) Marine urbanisation: 842 
an ecological framework for designing multifunctional artificial structures. Frontiers in Ecology and the 843 
Environment 13: 82-90. 844 

Dafforn KA, Mayer-Pinto M, Bugnot AB, Coleman RA, Morris RL and Johnston EL (2016) Guiding 845 
principles for marine foreshore developments. Report prepared for Urban Growth NSW, University of 846 
New South Wales, Sydney. 847 

Dafforn KA (2017) Eco-engineering and management strategies for marine infrastructure to reduce 848 
establishment and dispersal of non-indigenous species. Management of Biological Invasions 8: 153. 849 

Dauvin JC, Deloor M, Pezy JP, Raoux A, Claquin P, Foveau A (2022) Effects of material composition and 850 
face block exposure on the long-term (2014-2018) colonisation of an intertidal RECIF artificial reef in 851 
the Bay of Seine. IOP Conference Series: Materials Science and Engineering 1245: 012006. 852 

Deb K, McCarthy A and Harkanson B (2014) Coral relocation as habitat mitigation for impacts from the 853 
barzan gas project pipeline construction, offshore Qatar. In: Presented at SPE International 854 
Conference on Health, Safety, and Environment, Long Beach, CA. https://doi.org/10.2118/168369-MS  855 

de Moraes RP, Reguero BG, Mazarrasa I, Ricker M and Juanes JA (2022) Nature-based solutions in 856 
coastal and estuarine areas of Europe. Frontiers in Environmental Science 10: 829526. 857 

Dennis HD, Evans AJ, Banner AJ, Moore PJ (2018) Reefcrete: reducing the environmental footprint of 858 
concretes for eco-engineering marine structures. Ecological Engineering 120: 668-678. 859 

Dodds KD (2022) Eco-engineering of seawalls to enhance their ecological value. PhD Thesis. Macquarie 860 
University. 861 

Dodds KC, Schaefer N, Bishop MJ, Nakagawa S, Brooks PR, Knights AM and Strain EM (2022) Material 862 
type influences the abundance but not richness of colonising organisms on marine structures. Journal 863 
of Environmental Management 307: 114549. 864 

Dodrill J, Mille K, Horn B and Turpin R (2011) Progress Report Summarizing the Reef Fish Sampling, PCB 865 
Analysis Results and Visual Monitoring Associated with the Oriskany Reef, a Decommissioned Former 866 
Navy Aircraft Carrier Sunk in 2006 As an Artificial Reef in the Northeastern Gulf of Mexico Off 867 
Pensacola, Florida. Florida Fish and Wildlife Conservation Commission. 868 



 
 

19 

Doney SC, Fabry VJ, Feely RA and Kleypas JA (2009) Ocean acidification: the other CO2 problem. 869 
Annual Review of Marine Science 1: 169-192  870 

Downey H, Bretagnolle V, Brick C, Bulman CR, Cooke SJ, Dean M and Sutherland WJ (2022) Principles 871 
for the production of evidence-based guidance for conservation actions. Conservation Science and 872 
Practice 4: e12663. 873 

Duarte CM, Pitt KA, Lucas CH, Purcell JE, Uye S-I, Robinson K, Brotz L, Decker MB, Sutherland KR, 874 
Malej A, Madin L, Mianzan H, Gili J-M, Fuentes V, Atienza D, Pagés F, Breitburg D, Malek J, Graham 875 
WM and Condon RH (2012) Is global ocean sprawl a cause of jellyfish blooms? Frontiers in Ecology 876 
and the Environment 11: 91–97. 877 

Dugan JE, Airoldi L, Chapman MG and Schlacher T (2011) Estuarine and coastal structures: 878 
Environmental effects, a focus on shore and nearshore structures. In Treatise on Estuarine and 879 
Coastal Science, E. Wolanski M. D.S. (ed.). Waltham: Academic Press, pp 17-41. 880 

El-sheshtawy Y (2010) Little space, big space: everyday urbanism in Dubai. Brown Journal of World Affairs 881 
17: 53. 882 

Espinosa F, Pavón-Paneque A and García-Gómez JC (2021) Disentangling the impact of artificial 883 
substrata on the trophic ecology of the highly endangered marine invertebrate Patella ferruginea 884 
Gmelin, 1791. Molluscan Research 41: 41-5. 885 

Evans AJ, Firth LB, Hawkins SJ, Morris ES, Goudge H and Moore PJ (2015) Drill-cored rock pools: an 886 
effective method of ecological enhancement on artificial structures. Marine and Freshwater Research 887 
67: 123-130. 888 

Evans AJ, Garrod B, Firth LB, Hawkins SJ, Morris-Webb ES, Goudge H and Moore PJ (2017) Stakeholder 889 
priorities for multi-functional coastal defence developments and steps to effective implementation. 890 
Marine Policy 75: 143-155. 891 

Evans AJ, Firth LB, Hawkins SJ, Hall AE, Ironside JE, Thompson RC and Moore PJ (2019) From ocean 892 
sprawl to blue-green infrastructure–A UK perspective on an issue of global significance. Environmental 893 
Science & Policy 91: 60-69. 894 

Evans AJ, Moore PJ, Firth LB, Smith RK and Sutherland WJ (2021) Enhancing the Biodiversity of Marine 895 
Artificial Structures: Global Evidence for the Effects of Interventions. Conservation Evidence Series 896 
Synopses. University of Cambridge, Cambridge, UK. 897 
https://www.conservationevidence.com/synopsis/pdf/35 898 

Eko Atlantic (2020) Inside Eko Atlantic City: Africa’s Dubai. https://eko-899 
development.com/2020/02/17/inside-eko-atlantic-city-africas-dubai/ 900 

Eko Atlantic (2022) About Eko Atlantic: an investment opportunity on an unprecedented scale. 901 
https://www.ekoatlantic.com/about-us/ Accessed 9/12/22 902 

Eurosion (2004) Living with coastal erosion in Europe: Sediment and space for susceptibility. Part IV – A 903 
guide to coastal management practices in Europe: Lessons learnt. http://www.eurosion.org/reports-904 
online/part4.pdf. Accessed: 9/12/22. 905 

Fairchild TP, Weedon J and Griffin JN (2022) Species diversity enhances perceptions of urban coastlines 906 
at multiple scales. People and Nature 4: 931-948. 907 

Firth LB and Williams GA (2009) The influence of multiple environmental stressors on the limpet Cellana 908 
toreuma during the summer monsoon season in Hong Kong. Journal of Experimental Marine Biology 909 
and Ecology 375: 70-75. 910 

Firth LB, Mieszkowska N, Thompson RC, Hawkins SJ (2013) Climate change and adaptational impacts in 911 
coastal systems: the case of sea defences. Environmental Science: Processes & Impacts 15: 1665-70. 912 

Firth LB, Thompson RC, Bohn K, Abbiati M, Airoldi L, Bouma TJ, Bozzeda F, Ceccherelli VU, Colangelo 913 
MA, Evans A and Ferrario F (2014) Between a rock and a hard place: environmental and engineering 914 
considerations when designing coastal defence structures. Coastal Engineering 87: 122-135. 915 

Firth LB, White FJ, Schofield M, Hanley ME, Burrows MT, Thompson RC, Skov MW, Evans AJ, Moore PJ 916 
and Hawkins SJ (2015) Facing the future: the importance of substratum features for ecological 917 
engineering of artificial habitats in the rocky intertidal. Marine and Freshwater Research. 67: 131-43. 918 

Firth LB, Knights AM, Bridger D, Evans AJ, Mieszkowska N, Moore PJ, O’Connor NE, Sheehan EV, 919 
Thompson RC and Hawkins SJ (2016a) Ocean sprawl: challenges and opportunities for biodiversity 920 
management in a changing world. Oceanography and Marine Biology: an Annual Review 54: 189-262. 921 

Firth LB, Browne KA, Knights AM, Hawkins SJ and Nash R (2016b). Eco-engineered rock pools: a 922 
concrete solution to biodiversity loss and urban sprawl in the marine environment. Environmental 923 
Research Letters 11: 094015. 924 



 
 

20 

Firth LB, Airoldi L, Bulleri F, Challinor S, Chee SY, Evans AJ, Hanley ME, Knights AM, O'Shaughnessy K, 925 
Thompson RC and Hawkins SJ (2020) Greening of grey infrastructure should not be used as a Trojan 926 
horse to facilitate coastal development. Journal of Applied Ecology 57: 1762-1768.  927 

Firth LB, Curd A, Hawkins SJ, Knights AM, Blaze JA, Burrows MT, Dubois SF, Edwards H, Foggo A, 928 
Gribben PE, Grant L. (2021a) On the diversity and distribution of a data deficient habitat in a poorly 929 
mapped region: The case of Sabellaria alveolata L. in Ireland. Marine Environmental Research 169: 930 
105344. 931 

Firth LB, Harris D, Blaze JA, Marzloff MP, Boyé A, Miller PI, Curd A, Vasquez M, Nunn JD, O’Connor NE, 932 
Power AM et al. (2021b) Specific niche requirements underpin multidecadal range edge stability, but 933 
may introduce barriers for climate change adaptation. Diversity and Distributions 27: 668-683. 934 

Firth LB, Clubley C, McGrath A, Renshaw E, Foggo A, Wilson ADM, Gribben P, Flower AEA, Burgess J, 935 
Heesch S, Hawkins SJ, Stephen NR, Haspel D, Spain-Butler A, Stuhrmann S, Newstead A and 936 
Knights AM (2023a) If you can’t beat them, join them: limpet shells as refugia from grazing & 937 
competition pressure. Oceanography and Marine Biology: an Annual Review 61: 329-362. 938 

Firth LB, Farnworth M, Fraser KPP, McQuatters-Gollop A (2023b) Make a difference: Switch out natural 939 
reefs for human made reefs to compensate for the environmental impacts of dive tourism. Science of 940 
the Total Environment 901: 165488.  941 

Floerl O, Atalah J, Bugnot AB, Chandler M, Dafforn KA, Floerl L, Zaiko A and Major R (2021) A global 942 
model to forecast coastal hardening and mitigate associated socioecological risks. Nature 943 
Sustainability 4: 1060-1067. 944 

Florida DEP, Department of Environmental Protection Bureau of Beaches and Coastal Systems, 1990. 945 
Coastal Armoring in Florida, Final Status Report, December 1990, Tallahassee, FL. 946 

Fobert EK, Burke Da Silva K and Swearer SE (2019) Artificial light at night causes reproductive failure in 947 
clownfish. Biology Letters 15: 20190272.  948 

Folpp H, Schilling H, Clark G, Lowry M, Maslen B, Gregson and Suthers I (2020) Artificial reefs increase 949 
fish abundance in habitat-limited estuaries. Journal of Applied Ecology 57: 1752–1761.   950 

Friedlander AM, Ballesteros E, Fay M and Sala E (2014) Marine communities on oil platforms in Gabon, 951 
West Africa: high biodiversity oases in a low biodiversity environment. PloS One 9: e103709. 952 

García-Gómez JC, López-Fé CM, Espinosa F, Guerra-García JM, Rivera-Ingraham GA (2011) Marine 953 
artificial micro-reserves: A possibility for the conservation of endangered species living on artificial 954 
substrata. Marine Ecology 32: 6-14. 955 

García-Gómez JC, Guerra-García JM, Espinosa F, Maestre MJ, Rivera-Ingraham G, Fa D, González AR, 956 
Ruiz-Tabares A and López-Fé CM (2015) Artificial Marine Micro-Reserves Networks (AMMRNs): an 957 
innovative approach to conserve marine littoral biodiversity and protect endangered species. Marine 958 
Ecology 36: 259-277. 959 

Gass SE and Roberts JM (2006) The occurrence of the cold-water coral Lophelia pertusa (Scleractinia) on 960 
oil and gas platforms in the North Sea: colony growth, recruitment and environmental controls on 961 
distribution. Marine Pollution Bulletin 52: 549-559. 962 

Gauff RP, Joubert E, Curd A, Carlier A, Chavanon F, Ravel C and Bouchoucha M (2023) The elephant in 963 
the room: Introduced species also profit from refuge creation by artificial fish habitats. Marine 964 
Environmental Research 185:105859. 965 

Gaylarde C, Neto J and da Fonseca E (2021) Paint fragments as polluting microplastics: A brief review. 966 
Marine Pollution Bulletin 162: 111847.   967 

Gittman RK, Fodrie FJ, Popowich AM, Keller DA, Bruno JF, Currin CA, Peterson CH and Piehler MF 968 
(2015) Engineering away our natural defenses: an analysis of shoreline hardening in the US. Frontiers 969 
in Ecology and the Environment 13: 301-307. 970 

Global Inventory of Biodiversity Offset Policies (GIBOP) (2019). World View - A Snapshot of National 971 
Biodiversity Offset Policies. https://portals.iucn.org/offsetpolicy/ Accessed 23/11/23 972 

 973 
Goelz T, Vogt B and Hartley T (2020) Alternative substrates used for oyster reef restoration: a review. 974 

Journal of Shellfish Research 39: 1-2. 975 
Grasselli F, Airoldi L (2021) How and to What Degree Does Physical Structure Differ Between Natural and 976 

Artificial Habitats? A Multi-Scale Assessment in Marine Intertidal Systems. Frontiers in Marine Science 977 
8: 1–12. 978 

Green RH (1979) Sampling design and statistical methods for environmental biologists. John Wiley & Sons 979 
Gregory KJ (2010) The Earth's land surface: landforms and processes in geomorphology. New York: Sage 980 

Publications.  981 

https://portals.iucn.org/offsetpolicy/


 
 

21 

Griggs GB (1998) The armoring of California’s coast. In: Magoon, O.T., Converse, H., Baird, B., Miller-982 
Henson, M. (Eds.), California and the World Ocean ’97, Conference Proceedings. American Society of 983 
Civil Engineers, Reston, VA, pp. 515–526. 984 

Grydehøj A and Kelman I (2016) Island smart eco-cities: innovation, secessionary enclaves, and the 985 
selling of sustainability. Urban Island Studies 2: 1–24.  986 

Guan DM (2013) Study on the national marine function zonation [in Chinese]. Beijing: Ocean Press.  987 
Hale R, Treml EA and Swearer SE (2015) Evaluating the metapopulation consequences of ecological 988 

traps. Proceedings of the Royal Society B: Biological Sciences 282: 20142930.  989 
Hall AE, Herbert RJ, Britton JR, Boyd IM and George NC (2019) Shelving the coast with vertipools: 990 

retrofitting artificial rock pools on coastal structures as mitigation for coastal squeeze. Frontiers in 991 
Marine Science 6: 456.  992 

Hanak E and Moreno G (2012) California coastal management with a changing climate. Climatic Change 993 
111: 45-73. 994 

Hanley ME, Hoggart SPG, Simmonds DJ, et al (2014) Shifting sands? Coastal protection by sand banks, 995 
beaches and dunes. Coastal Engineering 87: 136-146. 996 

Hartanto RS, Loke LHL, Heery EC, Hsiung AR, Goh MWX, Pek YS, Birch WR and Todd PA (2022) 997 
Material type weakly affects algal colonisation but not macrofaunal community in an artificial intertidal 998 
habitat. Ecological Engineering 176: 106514. 999 

Hawkins SJ, Allen JR and Bray S (1999) Restoration of temperate marine and coastal ecosystems: 1000 
nudging nature. Aquatic Conservation: Marine and Freshwater Ecosystems 9: 23-46. 1001 

Hayek M, Salgues M, Souche JC, Weerdt KD, Pioch S (2022) From concretes to bioreceptive concretes, 1002 
influence of concrete properties on the biological colonization of marine artificial structures. IOP 1003 
Conference Series: Materials Science and Engineering 1245: 012008. IOP Publishing. 1004 

Hayes CT, Alford SB, Belgrad BA, Correia KM, Darnell MZ, Furman BT, Hall MO, Martin CW, McDonald 1005 
AM, Smee DL and Darnell KM (2022) Regional variation in seagrass complexity drives blue crab 1006 
Callinectes sapidus mortality and growth across the northern Gulf of Mexico. Marine Ecology Progress 1007 
Series 693: 141-155. 1008 

Heery EC, Bishop MJ, Critchley LP, Bugnot AB, Airoldi L, Mayer-Pinto M, Sheehan EV, Coleman RA, Loke 1009 
LH, Johnston EL, Komyakova V, Morris RL, Strain EMA, Naylor LA, Dafforn KA (2017) Identifying the 1010 
consequences of ocean sprawl for sedimentary habitats. Journal of Experimental Marine Biology and 1011 
Ecology 492: 31-48. 1012 

Heery EC, Dafforn KA, Smith JA, Ushiama S and Mayer-Pinto M (2018) Not all artificial structures are 1013 
created equal: Pilings linked to greater ecological and environmental change in sediment communities 1014 
than seawalls. Marine Environmental Research 142: 286-294.  1015 

Higgins E, Metaxas A and Scheibling R (2022) A systematic review of artificial reefs as platforms for coral 1016 
reef research and conservation. PloS One 17: e0261964.   1017 

Hsiung AR, Tan WT, Loke LH, Firth LB, Heery EC, Ducker J, Clark V, Pek YS, Birch WR, Ang AC, 1018 
Hartanto RS, Chai TMF and Todd PA (2020) Little evidence that lowering the pH of concrete supports 1019 
greater biodiversity on tropical and temperate seawalls. Marine Ecology Progress Series 656: 193-205. 1020 

Ishii H and Katsukoshi K (2010) Seasonal and vertical distribution of Aurelia aurita polyps on a pylon in the 1021 
innermost part of Tokyo Bay. Journal of Oceanography 66: 329–336.  1022 

Jackson M and della Dora V (2009) Dreams so big only the sea can hold them: man-made islands as 1023 
anxious spaces, cultural icons, and travelling visions. Environment and Planning A, 41: 2086-2104.  1024 

Jackson L, Reichelt R, Restall S, Corbett B, Tomlinson R and McGrath J (2005) Marine ecosystem 1025 
enhancement on a geotextile coastal protection reef - Narrowneck reef case study. Proceedings of the 1026 
29th International Conference on Coastal Engineering (Lisbon, Portugal), 3940–3952. 1027 

Kienker SE, Coleman RA, Morris RL, Steinberg P, Bollard B, Jarvis R and Strain EMA (2018) Bringing 1028 
harbours alive: assessing the importance of eco-engineered coastal infrastructure for different 1029 
stakeholders and cities. Marine Policy 94: 238-246. 1030 

Kingsford MJ, Leis JM, Shanks A, Lindeman KC, Morgan SG and Pineda J (2002) Sensory environments, 1031 
larval abilities and local self-recruitment. Bulletin of Marine Science 70: 309-340.  1032 

Klein JC, Underwood AJ and Chapman MG (2011) Urban structures provide new insights into interactions 1033 
among grazers and habitat. Ecological Applications 21: 427-438. 1034 

Knights AM, Firth LB, Thompson RC, Yunnie AL, Hiscock K and Hawkins SJ (2016) Plymouth—a world 1035 
harbour through the ages. Regional Studies in Marine Science 8: 297-307.  1036 

Knights AM, Lemasson A, Firth LB, Bond T, Claisse JT, Joop CJ, Copping A, Dannheim J, de Dominicis 1037 
M, Degraer S and Elliott M (2023) Developing Expert Scientific Consensus on the Environmental and 1038 



 
 

22 

Societal Effects of Marine Artificial Structures Prior to Decommissioning. Marine Environmental 1039 
Research In press.  1040 

Knights AM, Lemasson AJ, Firth LB, Beaumont N, Birchenough S, Claisse J, Coolen JW, Copping A, De 1041 
Dominicis M, Degraer S and Elliott M (2024) To what extent can decommissioning options for marine 1042 
artificial structures move us toward environmental targets?. Journal of Environmental Management, 1043 
350, 119644. 1044 

Koike K (1996) The countermeasures against coastal hazards in Japan. GeoJournal 38: 301-312. 1045 
Koike K (2003) Chapter 20.5. Japan. In The World’s Coast Online - Encyclopedia of the world’s coastal 1046 

landforms, E. C. F. Bird (ed.). Netherlands: Springer. 1047 
Komyakova V and Swearer S (2019) Contrasting patterns in habitat selection and recruitment of temperate 1048 

reef fishes among natural and artificial reefs. Marine Environmental Research 143: 71-81. 1049 
Komyakova V, Chamberlain D and Swearer SE (2021) A multi-species assessment of artificial reefs as 1050 

ecological traps. Ecological Engineering 171: 106394. 1051 
Komyakova V, Jaffrés JB, Strain EM, Cullen-Knox C, Fudge M, Langhamer O, Bender A, Yaakub SM, 1052 

Wilson E and Allan BJ (2022) Conceptualisation of multiple impacts interacting in the marine 1053 
environment using marine infrastructure as an example. Science of the Total Environment 830: 1054 
154748. 1055 

Kress N, Tom M, Spanier E (2002) The use of coal fly ash in concrete for marine artificial reefs in the 1056 
southeastern Mediterranean: compressive strength, sessile biota, and chemical composition. ICES 1057 
Journal of Marine Science 59: S231-S237. 1058 

Kummu M, De Moel H, Salvucci G, Viviroli D, Ward PJ and Varis O (2016) Over the hills and further away 1059 
from coast: global geospatial patterns of human and environment over the 20th–21st centuries. 1060 
Environmental Research Letters 11: 034010. 1061 

Lacroix D and Pioch S (2011) The multi-use in wind farm projects: more conflicts or a win-win opportunity? 1062 
Aquatic Living Resources 24: 129-135. 1063 

Lai S, Loke LH, Hilton MJ, Bouma TJ and Todd PA (2015) The effects of urbanisation on coastal habitats 1064 
and the potential for ecological engineering: a Singapore case study. Ocean & Coastal Management 1065 
103: 78-85. 1066 

Lai S, Tan J, Mao D, Tan C and Kumar T (2022) A Guide to Implementing Coastal Nature-  based 1067 
Solutions for Singapore. ISBN 978-981-18-4912-1. https://www.clc.gov.sg/docs/default-source/books/nbs-1068 
guide.pdf Accessed 22/11/23. 1069 
Lam NWY, Huang R and Chan BKK (2009) Variations in intertidal assemblages and zonation patterns 1070 

between vertical artificial seawalls and natural rocky shores: a case study from Victoria Harbour, Hong 1071 
Kong. Zoological Studies 48: 184-195. 1072 

Langhamer O (2012) Artificial reef effect in relation to offshore renewable energy conversion: state of the 1073 
art. The Scientific World Journal 2012: 386713. 1074 

Langhamer O and Wilhelmsson D (2009) Colonisation of fish and crabs of wave energy foundations and 1075 
the effects of manufactured holes - a field experiment. Marine Environmental Research 68: 151–7. 1076 

Lapinski M, Perrot M and Sauleau P (2022) Can port concrete infrastructures be optimized to promote 1077 
algal and macrofaunal colonisation in the marine intertidal zone? Case study of Port Haliguen (Brittany, 1078 
France). IOP Conference Series: Materials Science and Engineering 1245: 012001. 1079 

Lathrop RG, Jr and Love A (2007) Vulnerability of New Jersey’s coastal habitats to sea level rise. 1080 
Unpublished report. Grant F. Walton Center for Remote Sensing & Spatial Analysis Rutgers University 1081 
and the American Littoral Society Highlands, NJ.  1082 

Layman CA, Jud ZR, Archer SK and Riera D (2014) Provision of ecosystem services by human-made 1083 
structures in a highly impacted estuary. Environmental Research Letters 9: 044009. 1084 

Lemasson AJ, Knights AM, Thompson M, Lessin G, Beaumont N, Pascoe C, Queirós AM, McNeill L, 1085 
Schratzberger M and Somerfield PJ (2021) Evidence for the effects of decommissioning man-made 1086 
structures on marine ecosystems globally: a systematic map protocol. Environmental Evidence 10: 1-1087 
11. 1088 

Lemasson AJ, Somerfield PJ, Schratzberger M, McNeill L, Nunes J, Pascoe C, Watson SCL, Thompson 1089 
M, Couce E and Knights AM (2022) Evidence for the effects of decommissioning man-made structures 1090 
on marine ecosystems globally: a systematic map. Environmental Evidence 11: 35  1091 

Lemasson AJ, Somerfield PJ, Schratzberger M and Knights AM (2023) Challenges of evidence-informed 1092 
offshore decommissioning: an environmental perspective. Trends in Ecology and Evolution 38: 688-1093 
692. 1094 

https://www.clc.gov.sg/docs/default-source/books/nbs-guide.pdf
https://www.clc.gov.sg/docs/default-source/books/nbs-guide.pdf


 
 

23 

Levrel H, Pioch S, Spieler R (2012) Compensatory mitigation in marine ecosystems: which indicators for 1095 
assessing the no net loss goal of ecosystem services and ecological functions? Marine Policy 36: 1096 
1202–1210.    1097 

Lo W-T, Purcell JE, Hung J-J, Su H-M and Hsu P-K (2008) Enhancement of jellyfish (Aurelia aurita) 1098 
populations by extensive aquaculture rafts in a coastal lagoon in Taiwan. ICES Journal of Marine 1099 
Science 65: 453–461. 1100 

Loke LH, Liao LM, Bouma TJ and Todd PA (2016) Succession of seawall algal communities on artificial 1101 
substrates. Raffles Bulletin of Zoology 32: 1-10. 1102 

Loke LHL, Heery EC and Todd PA (2019a) Shoreline Defences. In: Sheppard, C. (Ed.), World Seas: An 1103 
Environmental Evaluation, Vol III: Ecological Issues and Environmental Impacts, (2nd ed.). Oxford, UK: 1104 
Elsevier Limited, pp. 491-504.  1105 

Loke LHL Chisholm RA and Todd PA (2019b) Effects of habitat area and spatial configuration on 1106 
biodiversity in an experimental intertidal community. Ecology 100: e02757. 1107 

Loureiro TG, Du Plessis N and Findlay K (2022) Into the blue-The blue economy model in Operation 1108 
Phakisa 'Unlocking the Ocean Economy' Programme. South African Journal of Science 118: 1-4. 1109 

Mafanya S (2020) Combining ecosystem green engineering and early life history processes to enhance 1110 
the intertidal biodiversity in the Port of East Londons, South Africa. MSc dissertation. Rhodes 1111 
University, South Africa. 1112 

Malerba ME, White CR and Marshall DJ (2019) The outsized trophic footprint of marine urbanization. 1113 
Frontiers in Ecology and the Environment. 17: 400-406. 1114 

Malthus TR (1798) An essay on the principle of population: or, A view of its past and present effects on 1115 
human happiness. Reeves & Turner.  1116 

Marangoni LF, Davies T, Smyth T, Rodríguez A, Hamann M, Duarte C, Pendoley K, Berge J, Maggi E and 1117 
Levy O (2022) Impacts of artificial light at night in marine ecosystems—A review. Global Change 1118 
Biology 28: 5346-5367. 1119 

Martinez AS, Dafforn KA, Johnston EL, Filippini G, Potts J and Mayer-Pinto M (2022) Variations in benthic 1120 
fluxes of sediments near pier pilings and natural rocky reefs. Marine Environmental Research 177: 1121 
105640. 1122 

Martins GM, Thompson RC, Neto AI, Hawkins SJ and Jenkins SR (2010) Enhancing stocks of the 1123 
exploited limpet Patella candei d’Orbigny via modifications in coastal engineering. Biological 1124 
Conservation 143: 203-11. 1125 

Martins GM, Jenkins SR, Neto AI, Hawkins SJ and Thompson RC (2016) Long-term modifications of 1126 
coastal defences enhance marine biodiversity. Environmental Conservation 43: 109-16. 1127 

Masselink G and Russell P (2013) Impacts of climate change on coastal erosion. MCCIP Science Review 1128 
2013: 71-86.   1129 

Masucci GD and Reimer JD (2019) Expanding walls and shrinking beaches: loss of natural coastline in 1130 
Okinawa Island, Japan. PeerJ 7: e7520.  1131 

Mayer-Pinto M, Johnston EL, Bugnot AB, Glasby TM, Airoldi L, Mitchell A and Dafforn KA (2017) Building 1132 
‘blue’: An eco-engineering framework for foreshore developments. Journal of Environmental 1133 
Management 189: 109-114.  1134 

Mayer-Pinto M, Cole VJ, Johnston EL, Bugnot A, Hurst H, Airoldi L, Glasby TM and Dafforn KA (2018) 1135 
Functional and structural responses to marine urbanisation. Environmental Research Letters 13: 1136 
014009.  1137 

Mayer-Pinto M, Bugnot AB, Johnston EL, Potts J, Airoldi L, Glasby TM, Strain EMA, Scanes P,  Ushiama 1138 
S and Dafforn KA (2023) Physical and biogenic complexity mediates ecosystem functions in urban 1139 
sessile marine communities. Journal of Applied Ecology 2023: 1–14. 1140 

Mayer-Pinto M, Caley M, Knights AM, Airoldi L, Bishop MJ, Brooks P, Coutinho R, Crowe TP, Mancuso P, 1141 
Naval-Xavier LPD, Firth LB, Menezes R, de Messano LVR, Morris R, Ross DJ, Wong JXW, Steinberg 1142 
P, Strain EMA. Complexity-functioning relationships differ across different environmental conditions. 1143 
Journal of Environmental Management XX: XX-XX. In review.  1144 

Pearson S, Windupranata W, Pranowo SW, Putri A, Ma Y, Vila-Concejo A, Fernández E, Méndez G, 1145 
Banks J, Knights AM and Firth LB (2016) Conflicts in some of the World harbours: what needs to 1146 
happen next?. Maritime Studies 15: 1-23.  1147 

MacArthur M, Naylor LA, Hansom JD and Burrows MT (2020) Ecological enhancement of coastal 1148 
engineering structures: passive enhancement techniques. Science of the Total Environment 740: 1149 
139981.  1150 



 
 

24 

McManus RS, Archibald N, Comber S and Knights AM (2018) Partial replacement of cement waste 1151 
aggregates in concrete coastal and marine infrastructure; A foundation for ecological enhancement? 1152 
Ecological Engineering 120: 655-667. 1153 

Mehvar S, Filatova T, Dastgheib A, van Steveninck EDR and Ranasinghe R (2018) Quantifying economic 1154 
value of coastal ecosystem services: A review. Journal of Marine Science and Engineering 6: 5.  1155 

Meyer EL, Matzke NJ and Williams SJ (2015) Remote sensing of intertidal habitats predicts West Indian 1156 
topsnail population expansion but reveals scale-dependent bias. Journal of Coastal Conservation 19: 1157 
107-118. 1158 

Mineur F, Cook EJ, Minchin D, Bohn K, Macleod A and Maggs CA (2012) Changing coasts: marine aliens 1159 
and artificial structures. Oceanography and Marine Biology: An Annual Review 50: 189–234. 1160 

Moreira J, Chapman MG and Underwood AJ (2006) Seawalls do not sustain viable populations of limpets. 1161 
Marine Ecology Progress Series 322: 179-188. 1162 

Morley SA, Toft JD and Hanson KM (2012) Ecological effects of shoreline armoring on intertidal habitats of 1163 
a Puget Sound urban estuary. Estuaries and Coasts 35: 774-784. 1164 

Morley D, Sherman R, Jordan L, Banks K, Quinn T and Spieler R (2008) Environmental enhancement 1165 
gone awry: characterization of an artificial reef constructed from waste vehicle tires. In: Brebbia, C. 1166 
(Ed.), Environmental Problems in Coastal Regions VII. WIT Press, Wessex, UK, pp. 73–87.  1167 

Morris RL, Deavin G, Hemelryk Donald S and Coleman RA (2016) Eco-engineering in urbanised coastal 1168 
systems: consideration of social values. Ecological Management & Restoration 17: 33-39. 1169 

Morris RL, Porter AG, Figueira WF, Coleman RA, Fobert E and Ferrari R (2018a) Fish-smart seawalls: a 1170 
decision tool for adaptive management of marine infrastructure. Frontiers in Ecology and the 1171 
Environment 16: 278-287. 1172 

Morris RL, Martinez AS, Firth LB and Coleman RA (2018b) Can transplanting enhance mobile marine 1173 
invertebrates in ecologically engineered rock pools?. Marine Environmental Research 141: 119-127. 1174 

Morris RL, Heery EC, Loke LH, Lau E, Strain E, Airoldi L, Alexander KA, Bishop MJ, Coleman RA, Cordell 1175 
JR, Dong Y-W, Firth LB, Hawkins SJ, Heath T, Kokora M, Lee JSY, Miller JK, Perkol-Finkel S, Rella A, 1176 
Steinberg PD, Takeuchi I, Thompson RC, Todd P, Toft JD and Leung KMY (2019) Design options, 1177 
implementation issues and evaluating success of ecologically-engineered shorelines. Oceanography 1178 
and Marine Biology: an Annual Review 57: 169–228. 1179 

Natanzi AS, Thompson BJ, Brooks PR, Crowe TP and McNally C (2021) Influence of concrete properties 1180 
on the initial biological colonisation of marine artificial structures. Ecological Engineering 159: 106104.   1181 

Naylor LA, Coombes MA, Venn O, Roast SD and Thompson RC (2012) Facilitating ecological 1182 
enhancement of coastal infrastructure: The role of policy, people and planning. Environmental Science 1183 
& Policy 22: 36-46. 1184 

Naylor LA, Kippen H, Coombes MA, Horton B, MacArthur M, and Jackson N (2017) Greening the grey: A 1185 
framework for integrated green grey infrastructure (IGGI). Retrieved from http://eprints.gla. 1186 
ac.uk/150672/ 1187 

Naylor LA, Kippen H, MacArthur M, Hansom JD, Vovides AG, Zaldívar-Jiménez A and Pérez-Ceballos R 1188 
(2020) Urban estuaries and coasts. In The Routledge Handbook of Urban Ecology (pp. 210-224). 1189 
Routledge. 1190 

Naylor LA, Kosová E, Gardiner T, Cutts N, Herbert RJ, Hall AE and MacArthur M (2023) Coastal and 1191 
marine blue-green infrastructure. In ICE Manual of Blue-Green Infrastructure (pp. 49-65). ICE 1192 
Publishing. 1193 

Nieves JJ, Stevens FR, Gaughan AE, Linard C, Sorichetta A, Hornby G, Patel NN and Tatem AJ (2017) 1194 
Examining the correlates and drivers of human population distributions across low- and middle-income 1195 
countries. Journal of the Royal Society Interface 14: 20170401.  1196 

Nilsson GE, Dixon DL, Domenici P, McCormick MI, Sørensen C, Watson S-A and Munday PL (2012) 1197 
Near-future carbon dioxide levels alter fish behaviour by interfering with neurotransmitter function. 1198 
Nature Climate Change 2: 201-204.  1199 

NOAA, 2012. NOAA’s State of the Coast. http://stateofthecoast.noaa.gov/population/welcome.html. 1200 
Accessed 9/12/22. 1201 

O’Shaughnessy KA, Hawkins SJ, Evans AJ, Hanley ME, Lunt P, Thompson RC, Francis RA, Hoggart SP, 1202 
Moore PJ, Iglesias G and Simmonds D, Ducker J, and Firth LB (2020a) Design catalogue for eco-1203 
engineering of coastal artificial structures: a multifunctional approach for stakeholders and end-users. 1204 
Urban Ecosystems 23: 431-443. 1205 



 
 

25 

O'Shaughnessy KA, Hawkins SJ, Yunnie AL, Hanley ME, Lunt P, Thompson RC and Firth LB (2020b) 1206 
Occurrence and assemblage composition of intertidal non-native species may be influenced by 1207 
shipping patterns and artificial structures. Marine Pollution Bulletin 154: 111082. 1208 

O’Shaughnessy KA, Perkol-Finkel S, Strain EM, Bishop MJ, Hawkins SJ, Hanley ME, Lunt P, Thompson 1209 
RC, Hadary T, Shirazi R and Yunnie AL (2021) Spatially Variable Effects of Artificially-Created Physical 1210 
Complexity on Subtidal Benthos. Frontiers in Ecology and Evolution 9: 690413. 1211 

O’Shaughnessy KA, Knights AM, Hawkins SJ, Hanley ME, Lunt P, Thompson RC, Firth LB Metrics matter: 1212 
Multiple diversity metrics at different spatial scales are needed to understand species diversity in urban 1213 
environments. Science of the Total Environment 895: 164958. 1214 

Ostalé-Valriberas E, Sempere-Valverde J, Coppa S, García-Gómez JC and Espinosa F (2018) Creation of 1215 
microhabitats (tidepools) in ripraps with climax communities as a way to mitigate negative effects of 1216 
artificial substrate on marine biodiversity. Ecological Engineering 120: 522-531. 1217 

Ostalé-Valriberas E, Sempere-Valverde J, Pavón-Paneque A, Coppa S, Espinosa F and García-Gómez 1218 
JC (2022) Artificial marine micro-reserves as a new ecosystem-based management tool for marine 1219 
conservation: The case of Patella ferruginea (Gastropoda, Patellidae), one of the most endangered 1220 
marine invertebrates of the Mediterranean. Marine Policy 136: 104917. 1221 

O'Sullivan J, Salauddin M, Abolfathi S and Pearson J (2020) Effectiveness of eco-retrofits in reducing 1222 
wave overtopping on seawalls. Coastal Engineering Proceedings 36: 13-13. 1223 

Palmer BJ, McGregor GK, Hill TR and Paterson AW (2010) A spatial assessment of coastal development 1224 
and land use change in the Eastern Cape, South Africa. South African Geographical Journal 92: 117-1225 
128. 1226 

Perkol-Finkel S and Sella I (2014) Ecologically active concrete for coastal and marine infrastructure: 1227 
innovative matrices and designs. In From Sea to Shore–Meeting the Challenges of the Sea: (Coasts, 1228 
Marine Structures and Breakwaters 2013) (pp. 1139-1149). ICE publishing.  1229 

Perkol-Finkel S, Hadary T, Rella A, Shirazi R and Sella I (2018) Seascape architecture – incorporating 1230 
ecological considerations in design of coastal and marine infrastructure. Ecological Engineering 120: 1231 
645-654. 1232 

Peters K, Sink K and Robinson TB (2017) Raising the flag on marine alien fouling species. Management of 1233 
Biological Invasions 8: 1–11. 1234 

Piatto L and Polette M (2012) Análise do processo de artificialização do município de Balneário Camboriú, 1235 
SC, Brasil. Journal of Integrated Coastal Zone Management 12: 79-90. 1236 

Pickering H and Whitmarsh D (1997) Artificial reefs and fisheries exploitation: a review of the ‘attraction 1237 
versus production’ debate, the influence of design and its significance for policy. Fisheries Research, 1238 
31: 39-59. 1239 

Pioch S, Raynal JC, Lasserre CG and Aliaume C (2011a) An Integrated Coastal Area Management 1240 
Strategy to Deploy Artificial reefs. Artificial Reefs in Fisheries Management, 65.  1241 

Pioch S, Johnston MW, Vaissière AC, Berger F, Jacob C and Dodge R (2017) An update of the 1242 
Visual_HEA software to improve the implementation of the Habitat Equivalency Analysis method. 1243 
Ecological Engineering 105: 276-283. 1244 

Pioch S, Relini G, Souche JC, Stive MJF, De Monbrison D, Nassif S, Allemand D, Simard F, Spieler R and 1245 
Kilfoyle K (2018) Enhancing eco-engineering of coastal infrastructure with eco-design: Moving from 1246 
mitigation to integration. Ecological Engineering 120: 574-584 1247 

Pioch S and Souche JC (2021) Eco-design of Marine Infrastructures: Towards Ecologically-informed 1248 
Coastal and Ocean Development. John Wiley & Sons. 258p. 1249 

Pondella D, Stephens Jr. J and Craig M (2002) Fish production of a temperate artificial reef based on the 1250 
density of embiotocids (Teleostei: Perciformes). ICES Journal of Marine Science 59 (suppl): S88–S93.   1251 

Porri F, McConnachie B, van der Walt K-A, Wynberg R, and Pattrick P (2023) Eco-creative nature-based 1252 
solutions to transform urban coastlines, local coastal communities and enhance biodiversity through 1253 
the lens of scientific and Indigenous knowledge. Cambridge Prisms: Coastal Futures, 1-30. 1254 
doi:10.1017/cft.2022.10 1255 

Quirk J, and Friedmann P (2017) Seasteading: How Floating Nations Will Restore the Environment, Enrich 1256 
the Poor, Cure the Sick, and Liberate Humanity from Politicians. Free Press. 1257 

Raoux A, Salaun J, Pezy JP, Pioch S, Dauvin JC (2022) Ecosystem approach of artificial reef through 1258 
trophic web modelling. In IOP Conference Series: Materials Science and Engineering. IOP Publishing 1259 
1245: 12004. 1260 

Reddy S (2022) Larval assemblages in intertidal habitats: the use of artificial and natural microhabitats. 1261 
MSc dissertation. Rhodes University, South Africa 1262 



 
 

26 

Reis B, van der Linden P, Pinto IS, Almada E, Borges MT, Hall AE, Stafford R, Herbert RJ, Lobo-Arteaga 1263 
J, Gaudêncio MJ (2021) Artificial reefs in the North–East Atlantic area: Present situation, knowledge 1264 
gaps and future perspectives. Ocean & Coastal Management 213: 105854. 1265 

Relini G, Relini M, Palandri G, Merello S and Beccornia E (2007) History, ecology and trends for artificial 1266 
reefs of the ligurian sea, Italy. In: Relini, G., Ryland, J. (Eds.), Biodiversity in Enclosed Seas and 1267 
Artificial Marine Habitats. Developments in Hydrobiology 193: 193–217.  1268 

Republic of South Africa (RSA), 2014. National Environmental Management: Integrated 1269 
Coastal Management Act 36 of 2008. Government Printer, Pretoria, South Africa. 1270 
Riascos JM, Hopfe C and Thomas CD (2020) The energy flow through coastal Anthropocene biotas. 1271 

Frontiers in Ecology and the Environment 18: 11-12. 1272 
Rivera–Ingraham GA, Espinosa F and García–Gómez JC (2011) Conservation status and updated census 1273 

of Patella ferruginea (Gastropoda, Patellidae) in Ceuta: distribution patterns and new evidence of the 1274 
effects of environmental parameters on population structure. Animal Biodiversity and Conservation 34: 1275 
83-99. 1276 

Roach M, Revill A and Johnson MJ (2022) Co-existence in practice: a collaborative study of the effects of 1277 
the Westermost Rough offshore wind development on the size distribution and catch rates of a 1278 
commercially important lobster (Homarus gammarus) population. ICES Journal of Marine Science 79: 1279 
1175-1186. 1280 

Roa-Ureta R, Santos M and Leitão F (2019) Modelling long-term fisheries data to resolve the attraction 1281 
versus production dilemma of artificial reefs. Ecological Modelling 407: 108727.   1282 

Rosenzweig ML (2003) Win-win ecology: how the earth's species can survive in the midst of human 1283 
enterprise. Oxford University Press. 1284 

Rouse S, Porter JS and Wilding TA (2020) Artificial reef design affects benthic secondary productivity and 1285 
provision of functional habitat. Ecology and Evolution 10: 2122-2130. 1286 

Sa TT and Boon YH (2010) Malaysia–Introduction. In Encyclopedia of the World's Coastal Landforms, 1287 
(ed.). Netherlands: Springer, pp 1117-1128.   1288 

Salaün J, Pioch S and Dauvin JC (2022) Socio-ecological analysis to assess the success of artificial reef 1289 
projects. Journal of Coastal Research 38: 624-638.  1290 

Sammarco PW, Brazeau DA and Sinclair J (2012) Genetic connectivity in scleractinian corals across the 1291 
northern Gulf of Mexico: oil/gas platforms, and relationship to the Flower Garden Banks. PloS One 7: 1292 
e30144. 1293 

Sawyer AC, Toft JD and Cordell JR (2020) Seawall as salmon habitat: Eco-engineering improves the 1294 
distribution and foraging of juvenile Pacific salmon. Ecological Engineering 151: 105856. 1295 

Schaefer N, Bishop MJ, Bugnot AB, Foster-Thorpe C, Herbert B, Hoey A, Mayer-Pinto M, Sherman CDH, 1296 
Vozzo ML and Dafforn KA (2020) Ecological engineering of marine infrastructure for biosecurity. 1297 
Report prepared for Department of Agriculture, Water and Environment.  1298 

Schaefer N, Sedano F, Bishop MJ, Dunn K, Haeusler MH, Yu KD, Zavoleas Y and Dafforn KA (2023) 1299 
Facilitation of non-indigenous ascidian by marine eco-engineering interventions at an urban 1300 
site. Biofouling 39: 80-93. 1301 

Schläppy ML, Robinson LM, Camilieri-Asch V and Miller K (2021) Trash or treasure? Considerations for 1302 
future ecological research to inform oil and gas decommissioning. Frontiers in Marine Science 8: 1303 
642539. 1304 

Sedano F, de Figueroa JT, Navarro-Barranco C, Ortega E, Guerra-García JM and Espinosa F (2020a) Do 1305 
artificial structures cause shifts in epifaunal communities and trophic guilds across different spatial 1306 
scales?. Marine Environmental Research 158: 104998. 1307 

Sedano F, Guerra-García JM, Navarro-Barranco C, Sempere-Valverde J, Pavón A and Espinosa F 1308 
(2020b) Do artificial structures affect the diet of the limpet Patella caerulea Linnaeus, 1758?. Regional 1309 
Studies in Marine Science 36: 101261.  1310 

Sempere-Valverde J, Guerra-García JM, García-Gómez JC, Espinosa F (2023) Chapter 3 - Coastal 1311 
urbanization, an issue for marine conservation. In Espinosa F, Coastal Habitat Conservation: New 1312 
Perspectives and Sustainable Development of Biodiversity in the Anthropocene. Elsevier Academic 1313 
Press.  1314 

Sengupta D, Chen R, Meadows ME and Banerjee A (2020) Gaining or losing ground? Tracking Asia's 1315 
hunger for ‘new’ coastal land in the era of sea level rise. Science of the Total Environment 732: 1316 
139290. 1317 



 
 

27 

Sheaves M, Abrantes K, Barnett A, Benham C, Dale P, Mattone C, Sheaves A, Waltham N and Bradley M 1318 
(2020) The consequences of paradigm change and poorly validated science: The example of the value 1319 
of mangroves to fisheries. Fish and Fisheries 21: 1067-1075. 1320 

Sheaves M, Mattone C, Connolly RM, Hernandez S, Nagelkerken I, Murray N, Ronan M, Waltham NJ and 1321 
Bradley M (2021) Ecological constraint mapping: understanding outcome-limiting bottlenecks for 1322 
improved environmental decision-making in marine and coastal environments. Frontiers in Marine 1323 
Science 8: 1133. 1324 

Sheaves M, Coles R, Dale P, Grech A, Pressey RL and Waltham NJ (2016) Enhancing the value and 1325 
validity of EIA: serious science to protect Australia's Great Barrier Reef. Conservation Letters 9: 377-1326 
383. 1327 

Sherman RL and Spieler RE (2006) Tires: Unstable materials for artificial reef construction. Transactions 1328 
on the Ecology and the Environment 88: 215-223. 1329 

Simon T, Pinheiro H and Joyeux J (2011) Target fishes on artificial reefs: evidences of impacts over 1330 
nearby natural environments. Science of the Total Environment 409: 4579–4584.   1331 

Smith A, Songcuan A, Cook N, Brown R, Cook K and Richardson R (2022) Engineering, ecological and 1332 
social monitoring of the largest underwater sculpture in the world at John Brewer Reef, Australia. 1333 
Journal of Marine Science and Engineering 10: 1617.   1334 

Stachowicz JJ, Whitlatch RB, Osman RW (1999) Species diversity and invasion resistance in a marine 1335 
ecosystem. Science 286: 1577-9. 1336 

Stancheva M, Rangel-Buitrago N, Anfuso G, Palazov A, Stanchev H and Correa I (2011) Expanding level 1337 
of coastal armouring: case studies from different countries. Journal of Coastal Research 64: 0749-1338 
0208. 1339 

Strain EM, Olabarria C, Mayer-Pinto M, Cumbo V, Morris RL, Bugnot AB, Dafforn KA, Heery E, Firth LB, 1340 
Brooks PR and Bishop MJ (2018a) Eco-engineering urban infrastructure for marine and coastal 1341 
biodiversity: which interventions have the greatest ecological benefit?. Journal of Applied Ecology 55: 1342 
426-441.  1343 

Strain EMA, Morris RL, Coleman RA, Figueira WF, Steinberg PD, Johnston EL and Bishop MJ (2018b) 1344 
Increasing microhabitat complexity on seawalls can reduce fish predation on native oysters. Ecological 1345 
Engineering 120: 637-644. 1346 

Strain EMA, Alexander KA, Kienker S, Morris R, Jarvis R, Coleman R, Bollard B, Firth LB, Knights AM, 1347 
Grabowski JH and Airoldi L (2019) Urban blue: a global analysis of the factors shaping people's 1348 
perceptions of the marine environment and ecological engineering in harbours. Science of the Total 1349 
Environment 658: 1293-1305.  1350 

Strain EMA, Cumbo VR, Morris RL, Steinberg PD and Bishop MJ (2020) Interacting effects of habitat 1351 
structure and seeding with oysters on the intertidal biodiversity of seawalls. PloS One 15: e0230807.  1352 

Strain EM, Steinberg PD, Vozzo M, Johnston EL, Abbiati M, Aguilera MA, Airoldi L, Aguirre JD, Ashton G, 1353 
Bernardi M and Brooks P, et al. (2021) A global analysis of complexity–biodiversity relationships on 1354 
marine artificial structures. Global Ecology and Biogeography 30: 140-153. 1355 

Suedel BC, Calabria J, Bilskie MV, Byers JE, Broich K, McKay SK, Tritinger AS, Woodson CB and 1356 
Dolatowski E (2022) Engineering coastal structures to centrally embrace biodiversity. Journal of 1357 
Environmental Management 323: 116138. 1358 

Summers S, Pek YS, Vinod DP, McDougald D, Todd PA, Birch WR and Rice SA (2022) Bacterial biofilm 1359 
colonization and succession in tropical marine waters are similar across different types of stone 1360 
materials used in seawall construction. Frontiers in Microbiology 13: 928877 1361 

Sun YX, Li XX, Tan Y, Wang J and Dong YW (2022) Microhabitat thermal environment controls community 1362 
structure of macrobenthos on coastal infrastructures. Estuarine, Coastal and Shelf Science 277: 1363 
108060. 1364 

Sutherland WJ and Wordley CF (2017) Evidence complacency hampers conservation. Nature Ecology & 1365 
Evolution 1: 1215-1216. 1366 

Swearer SE, Morris RL, Barrett LT, Sievers M, Dempster T and Hale R (2021) An overview of ecological 1367 
traps in marine ecosystems. Frontiers in Ecology and the Environment 19: 234-242. 1368 

Taljaard S, Van Niekerk L and Weerts SP (2019) The legal landscape governing South Africa’s coastal 1369 
marine environment–Helping with the ‘horrendogram’. Ocean & Coastal Management 178: 104801. 1370 

Tan WT, Loke LHL, Yeo DC, Tan SK and Todd PA (2018) Do Singapore's seawalls host non-native 1371 
marine molluscs?. Aquatic Invasions 13: 365-378. 1372 



 
 

28 

The Star (2018). Massive Dubai-like reclamation project planned for Langkawi by Bakun dam's Ting. 1373 
https://www.thestar.com.my/news/nation/2018/05/31/massive-dubai-like-reclamation-project-planned-1374 
for-langkawi-by-bakun-dams-ting/ (Accessed 7/12/22) 1375 

Tidbury HJ, Taylor NG, Copp GH, Garnacho E and Stebbing PD (2016) Predicting and mapping the risk of 1376 
introduction of marine non-indigenous species into Great Britain and Ireland. Biological Invasions 18: 1377 
3277-3292. 1378 

Toft JD, Ogston AS, Heerhartz SM, Cordell JR and Flemer EE (2013) Ecological response and physical 1379 
stability of habitat enhancements along an urban armored shoreline. Ecological Engineering 57: 97-1380 
108. 1381 

Turner RK, Burgess D, Hadley D, Coombes E and Jackson N (2007) A cost-benefit appraisal of coastal 1382 
managed realignment policy. Global Environmental Change-Human and Policy Dimensions 17: 397-1383 
407. 1384 

Turpin R and Bortone S (2002) Pre-and post-hurricane assessment of artificial reefs: evidence for potential 1385 
use as refugia in a fishery management strategy. ICES Journal of Marie Science 59(suppl): S74–S82.   1386 

United Nations Department of Economic and Social Affairs, Population Division (2022). World Population 1387 
Prospects 2022: Summary of Results. UN DESA/POP/2022/TR/NO. 3. 1388 

Vila M, Garcés E, Masó M and Camp J (2001) Is the distribution of the toxic dinoflagellate Alexandrium 1389 
catenella expanding along the NW Mediterranean coast?. Marine Ecology Progress Series 222: 73–83. 1390 

Villareal TA, Hanson S, Qualia S, Jester ELE, Granade HR and Dickey RW (2007) Petroleum production 1391 
platforms as sites for the expansion of ciguatera in the northwestern Gulf of Mexico. Harmful Algae 6: 1392 
253–259. 1393 

Vivier B, Claquin P, Lelong C, Lesage Q, Peccate M, Hamel B, Georges M, Bourguiba A, Sebaibi N, 1394 
Boutouil M, Goux D, Dauvin JC, Orvain F (2021a) Influence of infrastructure material composition and 1395 
microtopography on marine biofilm growth and photobiology. Biofouling 37: 740-756. 1396 

Vivier B, Dauvin JC, Navon M, Rusig AM, Mussio I, Orvain F, Boutouil M and Claquin P (2021b) Marine 1397 
artificial reefs, a meta-analysis of their design, objectives and effectiveness. Global Ecology and 1398 
Conservation 27: e01538. 1399 

Vozzo ML, Mayer-Pinto M, Bishop MJ, Cumbo VR, Bugnot AB, Dafforn KA, Johnston EL, Steinberg PD 1400 
and Strain EMA (2021a) Making seawalls multifunctional: The positive effects of seeded bivalves and 1401 
habitat structure on species diversity and filtration rates. Marine Environmental Research 165: 105243. 1402 

Vozzo ML, Bishop MJ, Dafforn KA and Mayer-Pinto M (2021b) Volvo Cars Australia-Sydney Institute of 1403 
Marine Science ‘Living Seawall’ Biodiversity Assessment. 1404 

Waltham NJ and Sheaves M (2015) Expanding coastal urban and industrial seascape in the Great Barrier 1405 
Reef World Heritage Area: Critical need for coordinated planning and policy. Marine Policy 57: 78-84. 1406 

Waltham NJ and Sheaves M (2018) Eco-engineering rock pools to a seawall in a tropical estuary: 1407 
microhabitat features and fine sediment accumulation. Ecological Engineering 120: 631-636.  1408 

Waltham NJ and Sheaves M (2020) Thermal exposure risks to mobile tropical marine snails: Are eco-1409 
engineered rock pools on seawalls scale-specific enough for comprehensive biodiversity outcomes?. 1410 
Marine Pollution Bulletin 156: 111237. 1411 

Waltham NJ, Wilson S, Sheaves M (In review) Extreme seawall boulder surface temperatures prevent 1412 
encrusting tropical oysters from colonisation.  1413 

Watanuki N and Gonzales B (2006) The potential of artificial reefs as fisheries management tools in 1414 
developing countries. Bulletin Marine Science 78: 9–19. 1415 

Wells FE (2018) A low number of invasive marine species in the tropics: a case study from Pilbara 1416 
(Western Australia). Management of Biological Invasions 9: 227. 1417 

Wells FE, Tan KS, Todd PA, Jaafar Z and Yeo DC 2019. A low number of introduced marine species in the 1418 
tropics: a case study from Singapore. Management of Biological Invasions 10: 23-45. 1419 

Wells FE and Bieler R (2020) A low number of introduced marine species at low latitudes: a case study 1420 
from southern Florida with a special focus on Mollusca. Management of Biological Invasions 11: 372. 1421 

Wetzel MA, Scholle J and Teschke K (2014) Artificial structures in sediment-dominated estuaries and their 1422 
possible influences on the ecosystem. Marine Environmental Research 99: 125-135. 1423 

Wilkinson SB, Zheng W, Allen JR, Fielding NJ, Wanstall VC, Russell G and Hawkins SJ (1996) Water 1424 
quality improvements in Liverpool docks: the role of filter feeders in algal and nutrient dynamics. Marine 1425 
Ecology 17: 197-211.  1426 

Wood-Martin WG (1886) The lake dwellings of Ireland: or, Ancient lacustrine habitations of Erin, commonly 1427 
called crannógs. Hodges, Figgis & Company. 1428 



 
 

29 

Zhang X, Pan D, Chen J, Zhao J, Zhu Q and Huang H (2014) Evaluation of coastline changes under 1429 
human intervention using multi-temporal high-resolution images: A case study of the Zhoushan Islands, 1430 
China. Remote Sensing 6: 9930-9950. 1431 

 1432 
 1433 
 1434 
 1435 
 1436 
 1437 
 1438 
 1439 
 1440 
 1441 
 1442 
 1443 
 1444 
 1445 
 1446 
 1447 
 1448 
 1449 
 1450 
 1451 
 1452 
 1453 
 1454 
 1455 
 1456 
 1457 
 1458 
 1459 
 1460 
 1461 
 1462 
 1463 
 1464 
 1465 
 1466 
 1467 
 1468 
 1469 
 1470 
 1471 
 1472 
 1473 
 1474 
 1475 
 1476 
 1477 
 1478 
 1479 
 1480 



 
 

30 

BOXES 1481 
Box 1. The Palm Effect 1482 
For millennia, people have been fascinated by the idea of artificial islands. In Neolithic Ireland 1483 
and Scotland people lived on defensive wooden islands in lakes called crannógs (Wood-Martin, 1484 
1886). Construction of the ancient island site of Nan Madol, Micronesia began as early as the 1485 
8th century (Athens, 1980). Indeed, Thomas More’s (1516) Utopia was an imagined artificial 1486 
island in which everything was perfect; a concept that has transcended time with many recent 1487 
artificial islands being designed and promoted as utopian paradises where the global elite can 1488 
live, work and play in eco-friendly, green and smart cities (Grydehøj and Kelman, 2016). More 1489 
recently, this has even gone as far as the concept of “seasteading”; with claims of how floating 1490 
nations “will restore the environment, enrich the poor, cure the sick, and liberate humanity from 1491 
politicians” (Quirk and Friedmann, 2017). Nowhere exemplifies this concept better than Dubai, 1492 
with its myriad of artificial islands and where one can own their very own island in the shape of 1493 
their country of choice. 1494 
 1495 
Upwards of 479 artificial islands are known to exist (Bugnot et al., 2021), ranging in scope and 1496 
design from simple rounded and fractal designs (Chee et al., 2017) to national symbols (e.g. 1497 
The Pearl, Qatar), and even maps of the whole world (i.e., The World, Dubai). Incidentally, the 1498 
construction of Dubai’s The Universe was halted due to the 2008 global economic crash (El-1499 
Sheshtawy, 2010). Jackson and della Dora (2011) describe contemporary artificial islands as 1500 
“metageographical terra-forms that normalize and naturalize people’s expectations, knowledge 1501 
and interactions with the world”. Indeed, there is no doubt that the Palm Islands have inspired 1502 
many of these designs through what we refer to as “The Palm Effect”. The trend first caught on 1503 
in the Arabian Gulf States but has since spread to other regions (Figure 5). For instance, the 1504 
developers behind the plans for a megadevelopment on the Malaysian island of Langkawi were 1505 
quoted to claim that the development “would be akin to that in Dubai”, encouraging tourism and 1506 
investment (The Star, 2018). Similarly, the developers behind Lagos’ Eko Atlantic refer to it as 1507 
“Africa’s Dubai” (Eko Atlantic, 2020). Jackson and della Dora (2009) further point out that 1508 
artificial islands are the ‘new cultural icons’, are a ‘must’ for aspiring ‘global cities’, or for 1509 
countries at the fringes of capitalist economy striving to get international attention. All artificial 1510 
islands will inevitably be low-lying and potentially vulnerable to future water intrusion by storms 1511 
or sea level rise. In the face of pervasive global climate change, rising and stormier seas, and 1512 
population increases, these hybrids of nature and technology are likely to become even more 1513 
pervasive, perpetuating the Palm Effect. 1514 
 1515 
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 1516 
Figure 5. The Palm Effect – coastal artificialization on the Arabian Peninsula and Asia: (a) The 1517 
Palms and The World, Dubai, United Arab Emirates; (b) The Pearl, Qatar; (c) Durrat al Bahrain, 1518 
Bahrain; (d) Center Point of Indonesia (representing a Garuda (eagle), Sulawesi, Indonesia; (e) 1519 
Qinhuangdao, Hebei, China; (f) Ocean Flower Island, Hainan, China. The numbers in the 1520 
bottom right indicate the year that construction started (all images from Google Earth). 1521 
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Box 2. Artificialization of the global coastline 1547 
Coastal development is the anthropogenic change in a seascape through the construction of 1548 
artificial structures within sight of the coastline. Firth et al. (2020) stated that Asian and Middle 1549 
Eastern countries have constructed some of the most ambitious and iconic land reclamation 1550 
projects. Since then, several empirical large scale and even global studies have emerged that 1551 
can attest to this. For instance, Bugnot et al. (2021) found that China was responsible for 40% 1552 
of global construction in the marine environment, followed by South Korea (10% of global) and 1553 
the Philippines (8% of global). Sengupta et al. (2020) found that since 1988, >700 km2 of land 1554 
reclamation has occurred in just eight Asian cities, with >35% of this happening in Shanghai 1555 
alone. Similarly, Chee et al. (2023) found that since 1991, >82 km2 has been or will be 1556 
reclaimed in Malaysia. Penang Island, Malaysia is one of the most densely populated, and 1557 
fastest growing urban settlements globally (Chee et al., 2017) (see Figure 1). Bounded by the 1558 
Penang Strait to the east, and hills to the west, space for further development is severely 1559 
limited. The solution to tackle this social problem has been to build upwards (i.e., construction of 1560 
high-density, high-rise buildings) and outwards (i.e., land reclamation and the construction of 1561 
five large artificial islands). 1562 
 1563 
Firth et al. (2020) also suggested that coastal African countries that are experiencing rapid 1564 
population growth are the most vulnerable to future habitat loss. Whilst Claassens et al. (2022) 1565 
only found that 2.9% of the 3000-km South African coastline is armoured this number is likely to 1566 
be much higher given the large number of informal settlements. Further armoring is likely in the 1567 
future due to growing urban populations and additional pressure from Operation Phakisa to 1568 
transform the South African coastal environment to unlock the ‘blue economy’ (Loureiro et al., 1569 
2022). With 10 million m2 of reclaimed land protected by an 8.5 km long seawall, Nigeria is 1570 
currently undertaking one of the world’s largest land reclamation and construction projects 1571 
(Ajibade, 2017). Once complete, Eko Atlantic City will be the size of Manhattan (Eko Atlantic, 1572 
2022). Incidentally, whilst its name uses an old term for the Nigerian city of Lagos (‘Eko’) it may 1573 
incite perceptions of eco-friendly development. There is potential for Eko Atlantic to act as a 1574 
regional catalyst (see The Palm Effect, Box 1) for similar coastal megadevelopment in other 1575 
rapidly growing African countries. Collectively, all this evidence is reinforcing the assertions by 1576 
Firth et al. (2020) that continued artificialization of the coastline is inevitable, particularly in Africa 1577 
and the Middle East.   1578 
  1579 
In the first global estimation of the footprint of marine construction, Bugnot et al. (2021) reported 1580 
that 32,000 km2 of seafloor had been reclaimed. In their audit of artificial shoreline extent, 1581 
Sempere-Valverde et al. (2023) estimated that ~16% of the global coastline was armoured; with 1582 
most development in lagoons, estuaries and bays, and also in regions characterized by middle 1583 
to high incomes. Many estimates of coastal armouring exist for developed nations (Table 2), but 1584 
the figures are less robust for developing nations as many coastal settlements are ‘informal’ and 1585 
coastal protection and land reclamation practices are haphazard, opportunistic, and unregulated 1586 
(Palmer et al., 2010). Most of the predicted population growth across the globe by 2050 is 1587 
expected to occur in low- and middle-income countries (Cohen, 2003; Nieves et al., 2017) and, 1588 
by 2030, an estimated 38% of the global population will live in the near-coast zone (the area 1589 
located <100 km from the coast and below 100 m elevation, Kummu et al., 2016). Whilst this 1590 
zone only occupies 9% of global land area, it supports 62% of cities with over 5 million 1591 
inhabitants (Firth et al., 2016a) and 42% of global Gross Domestic Product (Kummu et al., 1592 
2016). Many regions already claim that >50% of their coastlines are artificial (Table 2), and it 1593 
seems inevitable that coastal armouring will continue apace. 1594 
 1595 
 1596 
 1597 
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Box 3. Examples of Trojan horses, Fig leaves and Laurel wreaths from artificial reefs, 1598 
rigs-to-reefs and GGI of artificial structures.  1599 
Firth et al. (2020) highlighted a range of limitations and unknowns noting that GGI experiments 1600 
could be assigned to one of three categories: Trojan horses, projects that cause environmental 1601 
damage either through deliberate or misguided intent; Fig leaves, projects that merely cover up 1602 
environmental damage caused by the development; and Laurel wreaths, win–win projects with 1603 
measurable benefits for humans and nature. The authors suggested that much could be learnt 1604 
from the artificial reef literature, a more established discipline subject to intense critical 1605 
evaluation (e.g., Pioch et al., 2011; Castello y Tickell et al., 2019; Komyakova et al., 2021; Reis 1606 
et al., 2021; Vivier et al., 2021b; Bartholomew et al., 2022; Salaün et al., 2022). Using artificial 1607 
reefs, rigs-to-reefs (decommissioned oil and gas structures repurposed as artificial reefs), and 1608 
GGI on coastal infrastructure, we provide illustrations of Trojan Horses, Fig Leaves and Laurel 1609 
Wreaths.  1610 
 1611 
ARTIFICIAL REEFS 1612 
LAUREL WREATH: Artificial reefs (ARs) can simultaneously benefit nature and humans. ARs 1613 
can increase fish production, including commercially-important species, by providing refuge, 1614 
breeding sites and increased feeding opportunities (Pondella et al., 2002; Cresson et al., 2014; 1615 
Roa-Ureta et al., 2019; Folpp et al., 2020). ARs can provide additional hard-bottom habitat as 1616 
attachment sites for commercially-important bivalves (Goeltz et al., 2020) and important habitat-1617 
forming species like macroalgae and corals (Campos et al., 2020, Higgins et al., 2022). ARs can 1618 
be used to protect important habitats from trawling (Relini et al., 2007). ARs built for tourism and 1619 
diving can also support diverse biota (Jackson et al., 2004; Smith et al., 2022) and relieve 1620 
pressure on natural reefs (Belhassen et al., 2017; Firth et al., 2023).  1621 
 1622 
FIG LEAF: An AR was created to compensate mudflat loss following creation of a dredged 1623 
material disposal site. Burton et al. (2002) found that the annual secondary production/unit area 1624 
from sessile invertebrates at the offset AR was 11–67 times higher than natural soft-sediment 1625 
habitat, but total annual secondary production was 1.3–7.6 times lower. The authors concluded 1626 
that the artificial reef improved secondary production, but not enough reef was created to fully 1627 
offset the lost habitat. The Palm Jebel Ali was built on natural coral habitat, (Burt et al., 2008), 1628 
and research found that coral diversity was lower and fish communities were different on 1629 
breakwaters, although coral percent coverage was higher (Burt et al., 2009). ARs were created 1630 
in Qatar as transplantation sites for coral that would be destroyed by a new oil pipeline, and 1631 
initial coral survivorship results were promising (Deb et al., 2014). However, survivorship of 1632 
transplanted coral is generally low, with only 20% of studies reporting survivorship over 90% 1633 
(Boström-Einarsson et al., 2020).  1634 
 1635 
TROJAN HORSE: Some ARs are simply ocean dumping (Chou, 1997), either inadvertently if 1636 
the reef fails to support much life, or through the deliberate disposal of waste material at sea 1637 
under the guise of ‘reef creation’ (e.g. The Osborne Reef, Florida, Figure 6). Scrap materials 1638 
used as ‘reefs’ may have chemical pollutants associated with them (Dodrill et al., 2011; 1639 
Gaylarde et al., 2021), and they may move during storms and impact natural habitats (Turpin 1640 
and Bortone, 2002; Sherman and Spieler, 2006; Morley et al., 2008). ARs attract both fish and 1641 
fishers, and can increase catch rates in the short term but contribute to regional overfishing in 1642 
the long term (Watanuki and Gonzales, 2006; Simon et al., 2011). ARs can also facilitate the 1643 
spread of invasive hard-bottom species (Adams et al., 2014; Airoldi et al., 2015). 1644 
 1645 
RIGS-TO-REEFS 1646 
LAUREL WREATH: We do not think that there are examples of laurel wreaths when it comes to 1647 
the decommissioning of oil and gas platforms as artificial reefs (so called “rigs-to-reefs”). The 1648 
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negative impacts of the placement of such large structures on the environment are too great for 1649 
any compensatory efforts to be viewed as positive. 1650 
 1651 
FIG LEAF: All retrospective rigs-to-reefs are fig leaves. It is undeniable that they can provide 1652 
substantial habitat for a diversity of marine life (e.g., Gass and Roberts, 2006; Sammarco et al., 1653 
2012; Friedlander et al., 2014). However, this is often based on descriptive studies that have no 1654 
formal comparison with natural habitats, and the perceived benefits are often weighted more 1655 
towards humans than nature. For example, the developers save money from not having to 1656 
remove the structure (Bressler and Bernstein, 2015), and fishing communities and marine 1657 
recreationists may benefit from enhanced activities following decommissioning (e.g., Ajemian et 1658 
al., 2015).  1659 
 1660 
TROJAN HORSE: Rigs-to-reefs can become Trojan horses through a range of different 1661 
pathways. For example: (1) a ”successfully” decommissioned rig that has been converted to a 1662 
“reef” and continues to function as habitat and provide human recreational activities, can 1663 
retrospectively cause further harm if it suffers a leak, leading to the release of oil into the 1664 
environment; (2) assertions that offshore platforms support better fisheries than natural habitats 1665 
(Claisse et al., 2014), may prospectively cause environmental damage through influencing 1666 
governments to relax regulations or develop policies (e.g. the US National Fishing 1667 
Enhancement Act (Public Law 98-623, Title II), BSSE, 2018) which may play a role in facilitating 1668 
increased oil production and the proliferation of artificial structures on the seabed.  1669 
 1670 
 1671 
GREENING OF GREY INFRASTRUCTURE (GGI) ON MARINE ARTIFICIAL STRUCTURES 1672 
LAUREL WREATH: Disused docks that are redeveloped for commercial/residential purposes. 1673 
As part of the process water quality needs to be improved. The encouragement of native 1674 
mussels increased natural biofiltration which improved water quality (Figure 6c, Wilkinson et al., 1675 
1996) and led to colonisation of diverse assemblage of marine life (Allen et al., 1995; Hawkins 1676 
et al., 1999; Firth et al., 2023b). Artificial water circulation further enhanced water movement 1677 
and quality.  1678 
 1679 
FIG LEAF: A boulder on a breakwater that is located in a sedimentary environment is replaced 1680 
with a precast concrete habitat-enhancement unit (Firth et al., 2014). The unit encourages 1681 
colonisation of greater diversity of reef taxa than the adjacent boulders. The enhancement of 1682 
rocky-reef taxa is only compensation for the loss of sedimentary habitat and biodiversity in the 1683 
footprint of the structure.  1684 
 1685 
TROJAN HORSE: A shore-parallel breakwater is enhanced through the addition of novel 1686 
habitats such as pits or rock pools (e.g. Evans et al., 2015). Hypothetically the habitats become 1687 
dominated by invasive species that prevent establishment of native taxa. This could be 1688 
exacerbated if the breakwater is outside of the known range for the invasive species, thus 1689 
facilitating spread through the steppingstone concept (Mineur et al., 2012; Airoldi et al., 2015). 1690 
This could equally be true if the eco-engineering interventions facilitated establishment and 1691 
spread of parasites, pathogens, pests or other harmful organisms that have been demonstrated 1692 
to be spread by artificial structures (e.g., Vila et al., 2001; Villareal et al., 2007; Lo et al., 2008; 1693 
Ishii & Katsukoshi, 2010; Duarte et al., 2012). To date, no such reports have been made from 1694 
eco-engineering trials, but we urge researchers to monitor eco-engineered habitats over longer 1695 
timescales and report on any negative impacts. An even more serious example might be where 1696 
a local government views a planning application for the construction of an artificial island more 1697 
favourably based on the promise of the inclusion of eco-engineering. Even if the eco-1698 
engineering goals are perceived to be successful later down the line, it was partly responsible 1699 
for the development getting approved which led to the destruction of natural coastal habitats.   1700 
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 1701 
Figure 6. (a) Trojan horse: the Osborne reef constructed out of tyres, Florida, USA (Photo credit 1702 
By Navy Combat Camera Dive Ex-East); (b) Fig leaf: the placement of disused plane in the sea 1703 
as artificial reef, Malaysia (Photo credit Quek Yew Aun), (c) Laurel wreath: mussels supporting 1704 
high biodiversity and filtering water on the walls of the Albert Dock, Liverpool, UK (Photo credit 1705 
Louise Firth). 1706 
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Box 4. Living Seawalls 1743 
Ecologists at the Sydney Institute of Marine Science have partnered with industrial designers 1744 
from Reef Design Lab to develop Living Seawalls - a modular system by which critical habitats 1745 
for marine life can be added to marine constructions at scale (Figure 7a). Using 3D printing 1746 
technology, the pits, crevices and pools often present on natural shorelines are recreated on 1747 
modular panels. The panels, which can be manufactured from upcycled materials, are then 1748 
fitted to new or existing marine developments in customizable ‘Living Seawalls’ mosaics 1749 
designed to last at least 20 years in locations of low wave exposure. 1750 
  1751 
To date, ten different panel designs have been developed, each of which supports a distinct 1752 
ecological community (Bishop et al., 2022). After only 2 years, Living Seawalls in Sydney 1753 
Harbour have been colonized by over 100 species (see supplementary information in Bishop et 1754 
al., 2022 for full details of the species found) and up to 35% more fish, seaweed and 1755 
invertebrates than unmodified seawalls (Vozzo et al., 2021b). 1756 
 1757 
Since the first Living Seawall was installed under the Sydney Harbour Bridge in late 2018, 1758 
panels have been installed at 20 relatively sheltered sites in Australia and internationally in 1759 
Plymouth, UK (Figure 7b), Gibraltar, Wales and Singapore, with installations also planned for 1760 
Boston, USA. These include urban renewal projects spanning hundreds of meters and private or 1761 
public water frontages of tens of meters or less. Uptake of Living Seawalls has been assisted by 1762 
the team’s development of frameworks for ecologically enhancing marine infrastructure (Dafforn 1763 
et al., 2015, 2016; Mayer-Pinto et al., 2017). These were used by the multinational company 1764 
Lendlease in the Barangaroo urban renewal project and by the State Government of New South 1765 
Wales in the Sydney Fish Markets redevelopment. 1766 
 1767 
The project has also generated awareness of eco-friendly construction through public seminars 1768 
and outreach events, stakeholder workshops, and social media. Living Seawalls has been 1769 
featured in over 20 international print, television and radio pieces and displayed in seven 1770 
leading design museums, globally. Living Seawalls was a finalist for the 2021 Earthshot Prize, 1771 
the winner of the 2022 Banksia Foundation Biodiversity Award, and a Top Innovator in the 1772 
World Economic Forum’s 2022 UpLink BiodiverCities challenge. 1773 
 1774 
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 1775 
Figure 7. (a) The Sydney Living Seawall. Image on right is showing close up of the water 1776 
retaining panel (Photo credits Living Seawalls.com.au). (b) Green algae dominating early 1777 
successional stages of the Living Seawalls in Plymouth only three months after installation in 1778 
August 2023. Image on the right shows the first limpet to colonise the panels (November 2023). 1779 
It is expected that once limpets arrive, they will graze down the algae making space for other 1780 
species to colonise (Photo credits Aeden Cooper).   1781 
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Tables 1800 
Table 1. Summary of criticisms and suggested actions made by Firth et al. (2020) coupled with 1801 
references to recent advances and progress on these criticisms.  1802 
 1803 
Limitations/unknowns Suggested actions Key papers and recent advances/progress 

Experiments typically 
consider limited numbers 
of treatments/material 
types, ignore differences 
in surface area and are 
small scale (i.e. few 
meters) and short duration 
(e.g. less than 12 
months). 

Researchers should 
design better 
experiments (see 
section 2.1). 
 

Testing the independent and interactive effects of 
habitat area and spatial configuration (Loke et al., 
2019a,b). 
-Standardizing comparisons between units by 
using small sampling units or compartmentalizing 
data by microhabitats (Strain et al., 2021; Bishop 
et al., 2022). 
-Consideration of greater number of materials 
(Becker et al., 2020; Hsiung et al., 2020; Schaefer 
et al., 2020, 2023; Vivier et al., 2021a; Natanzi et 
al., 2021; Dauvin et al., 2022; Dodds et al., 2022; 
Hartanto et al., 2022; Lapinski et al., 2022; 
Summers et al., 2022). 
-Consideration of larger number of experimental 
units (Bishop et al., 2022).      
-Consideration for context-specific refuge 
provision (Strain et al., 2021; Aguilera et al., 
2023b).                                                                        
-Consideration of variability with orientation 
differences (Grasselli and Airoldi, 2021). 

Limited metrics measured. Go beyond simple 
biodiversity metrics 
and capture other 
biological, 
environmental, and 
societal information 
(see section 2.2). 

-Consideration of more biodiversity metrics (Levrel 
et al., 2012; Bas et al., 2016; O’Shaughnessy et 
al., 2023). 
-Consideration of how GGI can moderate 
stressors (Bradford et al., 2020; O’Sullivan et al., 
2020; Rouse et al., 2020; Sedano et al., 2020a; 
Strain et al., 2020; Pioch and Souche, 2021; 
Vozzo et al., 2021a; Dodds, 2022).                    
-Consideration of ecosystem functioning metrics 
such as biofiltration (Malerba et al., 2019; Riascos 
et al., 2020; Rouse et al., 2020; Vozzo et al., 
2021a; Bulleri et al., 2022; Raoux et al., 2022; 
Mayer-Pinto et al., 2023).                     
-Considering socio-economic benefits (Morris et 
al., 2016; Evans et al., 2017; Kienker et al., 2018; 
Evans et al., 2019; Morris et al., 2019; Strain et al., 
2019; Sawyer et al., 2020; Fairchild et al., 2022; 
Accola et al., 2022a,b; Salaün et al., 2022; 
Aguilera et al., 2023b).                                                            
-Consideration of other metrics such as trophic 
structure (Espinosa et al., 2020; Sedano et al., 
2020a,b; Raoux et al., 2022), sedimentation (Bone 
et al., 2022b; Martinez et al., 2022), transport of 
wrack (Strain et al., 2018b; Critchley et al., 2021), 
litter accumulation (Aguilera et al., 2016, 2018, 
2023a), use by terrestrial predators or pest 
species (Aguilera et al., 2023a), early life stage 
usage (Mafanya, 2020; Reddy, 2022). 
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Uncertainty on how GGI 
will perform under 
different environmental 
scenarios. 

Repeat, revisit, 
replicate 
experiments (see 
section 2.3). 

-Replication across environmental contexts 
(Hsiung et al., 2020; Strain et al., 2021; Chee et 
al., 2021; Clifton et al., 2022; O’Shaughnessy et 
al., 2021) and changing environmental conditions 
(Sun et al., 2022; Waltham et al., in review). 
-Consideration of correlates that may interact with 
GGI interventions (Strain et al., 2018a; Clifton et 
al., 2022; Strain et al., 2021; O’Shaughnessy et 
al., 2021; Bishop et al., 2022; Clifton et al., 2022). 
-Increasing duration of experiments (Martins et al., 
2016; Bender et al., 2020, Chee et al., 2020, 
Bishop et al., 2022). 

Unintended outcomes 
such as whether GGI 
facilitates spread of 
invasive species or acts 
as an ecological trap or 
environmental/biological 
filter. 

Report on 
unintended 
outcomes (both 
positive and 
negative) (see 
section 2.4). 

-Consideration of ecological traps (Swearer et al., 
2021; Komyakova et al., 2021, 2022).                      
-Consideration of happy accidents in relation to 
endangered species (Claassens, 2016; Claassens 
and Hodgson, 2018; Claassens et al., 2018; 
Ostalé-Valriberas et al., 2022) 
-Invasive species (Wells and Bieler, 2020; 
O’Shaughnessy et al., 2021; Adams et al., 2021; 
Vozzo et al., 2021a; Gauff et al., 2023). 
-Sedimentation (Bone et al., 2022b). 

Dearth of large 
demonstration tests that 
show how interventions 
will perform when scaled-
up operationally in ‘real’ 
developments. 

Research and 
practice should 
move together in 
tandem (see 
section 2.5). 

Limited progress in this area, but see Box 4 on 
Living Seawalls. 
-See recent papers on Seattle Seawall Project 
(Sawyer et al., 2020; Accola et al., 2022a,b).  
-See CIRIA, in prep for inventory of some large-
scale examples of scaled-up GGI installations in 
the UK.  

Limited guidance for 
practitioners 

Develop 
appropriate policies 
and guidance (see 
section 2.6). 

-Co-creation of guidance, case studies and policy 
instrument with practitioners (Naylor et al., 2012, 
2017; Chee et al., 2021b; Lai et al., 2022; CIRIA, 
2024). 
-Document levers that could support GGI (Naylor et 
al., 2012, Pioch et al., 2018; Evans et al., 2019; 
Mayer-Pinto et al., 2017; Claassens et al., 2022). 
-Identify policy gaps (RSA 2014; GIBOP, 2019). 
 

 1804 
 1805 
 1806 
 1807 
 1808 
 1809 
 1810 
 1811 
 1812 
 1813 
 1814 
 1815 
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Table 2. Summary of studies charting the extent of armoured coastline on national and regional 1816 
scales. 1817 
(a) International/national 
 

      

Region Location % Artificial Source   

Global Total 16 Sempere-Valverde et al., 2023   

Europe Total 6.4 Eurosion, 2004   

  Belgium 34 Eurosion, 2004   

  Belgium 85 Gregory, 2010   

  Bulgaria 10 Stancheva et al., 2011   

  Cyprus 20 Eurosion, 2004   

  Denmark 12 Eurosion, 2004   

  England 38 Gregory, 2010   

  England 46 Masselink and Russell, 2013   

  England 50 Turner et al., 2007   

  Estonia 1 Eurosion, 2004   

  Finland 1 Eurosion, 2004   

  France 15 Eurosion, 2004   

  Germany 18 Eurosion, 2004   

  Greece 4 Eurosion, 2004   

  Ireland 3 Eurosion, 2004   

  Ireland 8 Masselink and Russell, 2013   

  Italy 8 Eurosion, 2004   

  Latvia 3 Eurosion, 2004   

  Lithuania 12 Eurosion, 2004   

  Malta 7 Eurosion, 2004   

  Monaco 89 www.medam.org   

  Northern Ireland 20 Masselink and Russell, 2013   

  Northern Ireland 15 Gibson 2011   

  Northern Ireland 32 Cooper and Jackson, 2018   

  Poland 3 Eurosion, 2004   

  Portugal 5 Eurosion, 2004   

  Scotland 7 Masselink and Russell, 2013   

  Slovenia 18 Eurosion, 2004   

  Spain 10 Eurosion, 2004   

  Sweden 1 Eurosion, 2004   

  The Netherlands 60 Eurosion, 2004   

http://www.medam.org/
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  United Kingdom (total) 5 Eurosion, 2004   

  United Kingdom (total) 18 Masselink and Russell, 2013   

  Wales 28 Masselink and Russell, 2013   

Africa South Africa 2.9 Claassens et al., 2022   

Asia Singapore 63 Lai et al., 2015; Loke et al., 2016   

  Malaysia 1 Sa and Boon, 2010   

  Japan 27 Koike, 1996   

  Japan 34 Koike, 2003   

  China 60 Guan, 2013   

Americas USA (total) 9 NOAA, 2012   

  USA (total) 14 Gittman et al., 2015   

  Chile 6.6 Aguilera, 2018  
 
 
 
 

(b) Regional and Local       

Region Location % Artificial Source   

Middle 
East 

Dubai, United Arab Emirates 130 Burt et al., 2013   

Australasia Great Barrier Reef, Australia 9.4 Waltham and Sheaves, 2015   

  Adelaide, Australia 53 Floerl et al., 2021   

  Gladstone, Australia 23 Floerl et al., 2021   

  Darwin, Australia 10 Floerl et al., 2021   

  Hobart, Australia 22 Floerl et al., 2021   

  Geelong, Australia 56 Floerl et al., 2021   

  Sydney Harbour, Australia 50 Chapman, 2003     

  Sydney Harbour, Australia 85 Strain et al., 2019   

  Port Phillip Bay, Melbourne, Australia 25 Strain et al., 2019   

  Various estuaries in New South Wales, Australia 3.8-46 Creese et al., 2009   

  Derwent Estuary, Hobart, Tasmania, Australia 19.2 Strain et al., 2019   

  Waitemata Harbour, Auckland, New Zealand 20.6 Strain et al., 2019   

  Auckland, New Zealand 47 Floerl et al., 2021   

  Dunedin, New Zealand 77 Floerl et al., 2021   

  Tauranga, New Zealand 20 Floerl et al., 2021   

  Wellington, New Zealand 77 Floerl et al., 2021   

  Whangarei, New Zealand 25 Floerl et al., 2021   

  Nelson, New Zealand 50 Floerl et al., 2021   

  Bluff, New Zealand 21 Floerl et al., 2021   

  Lyttelton, New Zealand 25 Floerl et al., 2021   
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  Picton, New Zealand 71 Floerl et al., 2021   

  Napier, New Zealand 93 Floerl et al., 2021   

  Westport, New Zealand 51 Floerl et al., 2021   

  New Plymouth, New Zealand 65 Floerl et al., 2021   

  Opua, New Zealand 5 Floerl et al., 2021   

  Greymouth, New Zealand 65 Floerl et al., 2021   

Europe Emilia Romagna, Italy 60 Bacchiocchi and Airoldi, 2003   

  Belfast, UK 88 Floerl et al., 2021   

  Ravenna Port, Italy 70 Strain et al., 2019   

  Varna Bay, Bulgaria 10 Stancheva et al., 2011   

  Plymouth Sound, UK 33 Knights et al., 2016   

  French Mediterranean 11 www.medam.org   

  Weser Estuary, Germany 60 Wetzel et al., 2014   

  Santander Harbour, Spain 42 Strain et al., 2019   

  Galway Bay, Ireland 7 Firth et al., 2016b   

   Galway City 45 Firth et al., 2016b   

  Cardiff, UK 87 Floerl et al., 2021   

  Edinburgh, UK 89 Floerl et al., 2021   

Africa eThekwini, South Africa 11 Corbella and Stretch, 2012   

Asia Zhoushan Islands, China 65 Zhang et al., 2014   

  Xiamen Harbour, China 90 Strain et al., 2019   

  Victoria Harbour, Hong Kong 95 Lam et al., 2009   

  Penang Island (east coast), Malaysia 88 Chee et al., 2017   

  Balneário Camboriú, Brazil 36 Piatto and Polette, 2012   

  Okinawa Island, Japan 63 Masucci and Reimer, 2019   

  Keelung Harbour, Taiwan 80 Strain et al., 2019   

Americas Bermuda 15 Meyer et al., 2015   

  Arraial do Cabo Harbour, Brazil 5 Strain et al., 2019   

  Cartagena, Columbia 12 Stancheva et al., 2011   

  Guam 15 NOAA, 2012   

  American Samoa 7 NOAA, 2012   

  Alabama, USA 11 NOAA, 2012   

  Alaska, USA 2 NOAA, 2012   

  California, USA 12 Griggs, 1998   

  California, USA 14 NOAA, 2012   

http://www.medam.org/
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  County comparisons, California, USA 0.5-61 Hanak and Moreno, 2012   

  Californian cities of Long Beach, Seal Beach, 
San Clemente, Oceanside 

>70 Dugan et al., 2011   

  Connecticut, USA 18 NOAA, 2012   

   New Haven, Connecticut, USA 74 Floerl et al., 2021   

  Delaware, USA 12 NOAA, 2012   

  Florida, USA 21 Florida DEP, 1990   

  Florida, USA 20 NOAA, 2012   

  Georgia, USA 1 NOAA, 2012   

  Hawaii, USA 11 NOAA, 2012   

  Oahu, Hawaii, USA 26 Campbell et al., 1988   

  Louisiana, USA 3 NOAA, 2012   

  Maryland, USA 15 NOAA, 2012   

    Baltimore, Maryland, USA 71 Floerl et al., 2021   

  Massachusetts, USA 11 NOAA, 2012   

   Boston Harbour, Massachussetts, 
USA 

58 Strain et al., 2019   

  Mississippi, USA 12 NOAA, 2012   

  New Hampshire, USA 4 NOAA, 2012   

  New Jersey, USA 17 NOAA, 2012   

  New Jersey, USA 17 Lathrop and Love, 2007   

  New York, USA 24 NOAA, 2012   

  North Carolina, USA 8 NOAA, 2012   

  Oregon, USA 6 Dugan et al., 2011   

  Oregon, USA 4 NOAA, 2012   

    Portland, Oregon, USA 77 Floerl et al., 2021   

  Pennsylvania, USA 36 NOAA, 2012   

  Puerto Rico, USA 10 NOAA, 2012   

  Rhode Island, USA 14 NOAA, 2012   

   Providence, Rhode Island, USA 62 Floerl et al., 2021   

  South Carolina, USA 1 NOAA, 2012   

  Texas, USA 15 NOAA, 2012   

  Virginia, USA 8 NOAA, 2012   

   Norfolk, Virginia, USA 56 Floerl et al., 2021   

  Virgin Islands, USA 8 NOAA, 2012   

  Washington, USA 6 NOAA, 2012   

  Duwamish Estuary, Washington, USA 66 Morley et al., 2012   
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  Puget sound, Washington, USA 30 Dugan et al., 2011   

  Vancouver, Canada 75 Floerl et al., 2021   

  Nanaimo, Canada 34 Floerl et al., 2021   

  Halifax, Nova Scotia, Canada 59 Floerl et al., 2021   

  1818 
  1819 
 1820 
 1821 
 1822 
Table 3. Summary of major resources (reviews/reports, outreach and education and other 1823 
outputs) for practitioners. 1824 
Description Source 

MAJOR 
REVIEWS/REPORTS 

  

Evans et al. (2021). 
Conservation Evidence 
Synopsis on biodiversity 
enhancement on marine 
artificial structures. 

https://www.conservationevidence.com/data/index?synopsis_id%5B%
5D=44 

Naylor et al. (2017). A 
Framework for Integrated 
Green Grey Infrastructure 
(IGGI) (2017) 

https://eprints.gla.ac.uk/150672/ 

ICE Manual of Blue-
Green Infrastructure 
(2023). An essential 
reference for practicing 
engineers, 
masterplanners, 
landscape architects, 
water design specialists, 
ecologists, development 
companies, and local 
planning authorities 

www.icebookshop.com 

Pioch et Souche (2021). 
Eco-design of Marine 
Infrastructures: Towards 
Ecologically-informed 
Coastal and Ocean 
Development 

https://www.wiley.com/en-
us/Eco+design+of+Marine+Infrastructures:+Towards+Ecologically+inf
ormed+Coastal+and+Ocean+Development-p-9781119865957  

Pioch et al. (2018). A 
literature review about 
coastal infrastructures 
eco-design (GGI), at 
micro- to macro-biological 
scales, factors involved in 
concrete-biota 
interactions and civil 
engineering 

https://www.sciencedirect.com/science/article/abs/pii/S092585741830
1976  

https://www.conservationevidence.com/data/index?synopsis_id%5B%5D=44
https://www.conservationevidence.com/data/index?synopsis_id%5B%5D=44
https://eprints.gla.ac.uk/150672/
http://www.icebookshop.com/
https://www.wiley.com/en-us/Eco+design+of+Marine+Infrastructures:+Towards+Ecologically+informed+Coastal+and+Ocean+Development-p-9781119865957
https://www.wiley.com/en-us/Eco+design+of+Marine+Infrastructures:+Towards+Ecologically+informed+Coastal+and+Ocean+Development-p-9781119865957
https://www.wiley.com/en-us/Eco+design+of+Marine+Infrastructures:+Towards+Ecologically+informed+Coastal+and+Ocean+Development-p-9781119865957
https://www.sciencedirect.com/science/article/abs/pii/S0925857418301976
https://www.sciencedirect.com/science/article/abs/pii/S0925857418301976


 
 

45 

recommendations 

OTHER SOURCES FOR 
PRACTITIONERS 

  

Institute of Civil Engineers 
‘Tech Talk’ on GGI 

https://vimeo.com/717607188 

Oxford Bibliography 
feature on Ocean Sprawl 

https://www.oxfordbibliographies.com/display/document/obo-
9780199830060/obo-9780199830060-0237.xml 

Book on Environmental 
Engineering, John Wiley 
& Sons ed. 

 https://www.wiley.com/en-
ag/Eco+design+of+Marine+Infrastructures:+Towards+Ecologically+inf
ormed+Coastal+and+Ocean+Development-p-9781119865957 

International Coral Reef 
Initiative (ICRI) on GGI 
(2017) 

https://icriforum.org/documents/eco-designed-mooring-for-coral-reef-
restoration/ 

Lai et al. (2022). A Guide 
to Implementing Coastal 
Nature Based Solutions 
for Singapore. 

https://www.clc.gov.sg/docs/default-source/books/nbs-guide.pdf 

SOURCES FOR 
EDUCATION & 
OUTREACH 

  

Biological Sciences 
Review on GGI (2023) 

https://www.hoddereducation.co.uk/subjects/science/products/16-
18/biological-sciences-review 

Science Journal for Kids 
article on GGI (2016) 

https://sciencejournalforkids.org/wp-
content/uploads/2019/08/rockpools_article.pdf 

The Conversation article 
on hybrid GGI (2021) 

https://theconversation.com/a-20-foot-sea-wall-wont-save-miami-how-
living-structures-can-help-protect-the-coast-and-keep-the-paradise-
vibe-165076 

The Conversation article 
on GGI (2018) 

https://theconversation.com/future-ocean-cities-need-green-
engineering-above-and-below-the-waterline-93843 

Hakai Magazine article on 
GGI (2019) 

https://hakaimagazine.com/features/fish-below-your-feet-and-other-
solutions-for-a-living-harbor/ 

  1825 
  1826 
 1827 
 1828 

https://vimeo.com/717607188
https://www.oxfordbibliographies.com/display/document/obo-9780199830060/obo-9780199830060-0237.xml
https://www.oxfordbibliographies.com/display/document/obo-9780199830060/obo-9780199830060-0237.xml
https://www.wiley.com/en-ag/Eco+design+of+Marine+Infrastructures:+Towards+Ecologically+informed+Coastal+and+Ocean+Development-p-9781119865957
https://www.wiley.com/en-ag/Eco+design+of+Marine+Infrastructures:+Towards+Ecologically+informed+Coastal+and+Ocean+Development-p-9781119865957
https://www.wiley.com/en-ag/Eco+design+of+Marine+Infrastructures:+Towards+Ecologically+informed+Coastal+and+Ocean+Development-p-9781119865957
https://www.hoddereducation.co.uk/subjects/science/products/16-18/biological-sciences-review
https://www.hoddereducation.co.uk/subjects/science/products/16-18/biological-sciences-review
https://sciencejournalforkids.org/wp-content/uploads/2019/08/rockpools_article.pdf
https://sciencejournalforkids.org/wp-content/uploads/2019/08/rockpools_article.pdf
https://theconversation.com/a-20-foot-sea-wall-wont-save-miami-how-living-structures-can-help-protect-the-coast-and-keep-the-paradise-vibe-165076
https://theconversation.com/a-20-foot-sea-wall-wont-save-miami-how-living-structures-can-help-protect-the-coast-and-keep-the-paradise-vibe-165076
https://theconversation.com/a-20-foot-sea-wall-wont-save-miami-how-living-structures-can-help-protect-the-coast-and-keep-the-paradise-vibe-165076
https://theconversation.com/future-ocean-cities-need-green-engineering-above-and-below-the-waterline-93843
https://theconversation.com/future-ocean-cities-need-green-engineering-above-and-below-the-waterline-93843
https://hakaimagazine.com/features/fish-below-your-feet-and-other-solutions-for-a-living-harbor/
https://hakaimagazine.com/features/fish-below-your-feet-and-other-solutions-for-a-living-harbor/

