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Abstract 18	

Urbanisation in terrestrial systems has driven architects, planners, ecologists and 19	

engineers to collaborate on the design and creation of more sustainable structures. 20	

Examples include the development of ‘green infrastructure’ and the introduction of 21	

wildlife corridors that mitigate urban stressors and provide positive ecological outcomes. 22	

In contrast, efforts to minimise the impacts of urban developments in marine 23	

environments have been far more restricted in their extent and scope, and have often 24	

overlooked the ecological role of the built environment as potential habitat. Urban 25	

foreshore developments, i.e. those built on the interface of intertidal and/or subtidal 26	

zones, have the potential to incorporate clear multi-functional outcomes, by supporting 27	

novel ecosystems. We present a step-by-step eco-engineering framework for ‘building 28	

blue’ that will allow coastal managers to facilitate planning and construction of 29	

sustainable foreshore developments. Adopting such an approach will incorporate 30	

ecological principles, thereby mitigating some of the environmental impacts, creating 31	

more resilient urban infrastructure and environments, and maximising benefits to the 32	

multiple stakeholders and users of marine urban waterfronts. 33	
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Introduction 37	

 Urbanisation in terrestrial systems is widely recognised as the driver of some of 38	

the highest rates of local extinctions and global biotic homogenisation (Marzluff, 2001; 39	

Luniak 1994; McKinney 2002). As a result, urban planners and ecologists have focused 40	

on how to achieve more sustainable cities on land by creating a new perspective around 41	

these novel urban ecosystems (Hobbs et al., 2013) and fostering new approaches to 42	

ecological resilience in cities. Examples include the development of ‘green’ buildings 43	

(Oberndorfer et al., 2007) and the creation of corridors of native vegetation to enhance 44	

connectivity between green spaces and patchworks of urban structures (LaPoint et al., 45	

2015; Searns, 1995). In contrast, efforts to minimise the impacts of urban developments 46	

in marine environments have been restricted in both extent and scope, and have largely 47	

overlooked the growing relevance of the novel artificial ecosystems introduced by 48	

underwater infrastructure (Dugan et al., 2011). Here, we introduce a framework, targeted 49	

mainly at managers and relevant stakeholders worldwide, to encourage marine and 50	

estuarine developments to be built in ways that minimise their ecological impacts and 51	

maximise their benefits.  52	

The addition of artificial structures to marine and coastal systems may have 53	

significant environmental impacts, such as local losses and degradation of natural habitats 54	

and their associated species (e.g. seagrass meadows, soft-sediments; Airoldi and Beck, 55	

2007). Such structures often support very different communities from their natural 56	

counterparts, effectively creating novel habitats, with different physico-chemical 57	

characteristics from natural habitats such as rocky shores and soft-sediments (e.g. Airoldi 58	
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et al., 2015; Chapman, 2006; Chapman and Bulleri, 2003; Fauvelot et al., 2009; Firth et 59	

al., 2013; Glasby, 1999; Glasby and Connell, 1999). Moreover, impacts are not restricted 60	

to the site(s) of the construction itself; effects caused by the addition of habitats can 61	

propagate over large spatial scales due to effects on ecological connectivity and the 62	

genetic structure of populations (Airoldi et al., 2005; Bishop et al., in press; Fauvelot et 63	

al., 2012).  64	

Constructions in the marine environment must therefore be carefully assessed to 65	

ensure the full scope of potential ecological footprints of these developments has been 66	

considered and optimal mitigation solutions are implemented. “Soft engineering” 67	

solutions and habitat restoration are thought to be better for the environment than built 68	

infrastructure (e.g. seawalls) and can provide more sustainable alternatives to some hard  69	

infrastructures, such as those for coastal defence (e.g. groynes, breakwaters). These “soft 70	

engineering” approaches, e.g. managed retreat and beach nourishment, involve the 71	

modification of natural habitats, rather than adding urban artificial structures to the 72	

environment (Abel et al., 2011). Such strategies, including restoration of important 73	

habitats – e.g. mangroves, saltmarshes, oyster reefs, or sandy beaches - are the most 74	

appropriate replacements for foreshore hardening because they provide a natural 75	

alternative to buffer wave energy and storm surges (Gedan et al., 2011; Tri et al., 1998). 76	

There are however many situations in which soft engineering is not an option or cannot 77	

be used as the sole option, for example many harbor infrastructures or the coastal 78	

defenses of highly populated low coastal lands. In these cases eco-engineering 79	

approaches can be incorporated into designs to ensure the construction of ecologically 80	
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sustainable infrastructure and foreshore developments that provide multiple end-user 81	

benefits (Figure 1). 82	

New eco-engineering approaches in marine systems are emerging that seek to 83	

mitigate environmental impacts and recover neglected ecosystem services by 84	

incorporating ecosystem processes and functions into urban design practices (Dyson and 85	

Yocom, 2015; Evans et al., 2016). For example, small-scale (10s to 100s of metres) 86	

modifications to artificial structures (e.g. seawalls, Chapman and Blockley, 2009; 87	

breakwaters, Perkol-Finkel et al., 2012) are being explored to mimic the structural 88	

complexity of natural habitats and benefit estuarine and/or marine species. Creative 89	

designs, such as seawall stairs, “flowerpots”, grating and reflective panels are being 90	

developed to enhance nearshore habitat area and create microhabitats that are important 91	

for commonly neglected flora and fauna (reviewed in Dyson and Yocom, 2015). 92	

Ecologically based life-time maintenance plans have been recommended to mitigate the 93	

spread of non-indigenous species (Airoldi and Bulleri, 2011). Recently, there have been 94	

large-scale engineering efforts to mitigate impacts of foreshore developments (e.g. 95	

Headland Park in Sydney, Australia; Figure 2; Vancouver Centre, Vancouver, Canada; 96	

Brooklyn Bridge Park and Living Breakwaters, NY, USA, Seattle waterfront and Port, 97	

Seattle, USA). For example, at the Vancouver Convention Centre, a habitat skirt of more 98	

than 6,000 m2 and spanning the entire 5 m intertidal local zone was built aiming to 99	

replicate conditions of a natural shoreline in order to increase the local marine diversity 100	

(Dyson and Yocom, 2015). However, with notable exceptions (see e.g. Toft et al., 2013), 101	
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the ecological goals of many projects tend to be fairly general and qualitative, and are not 102	

assessed by rigorous post-development monitoring.  103	

Assessments of future foreshore developments need to ensure that sound 104	

ecological science is integrated with design, that the functioning of the infrastructure as a 105	

habitat is considered and that the efficacy of eco-engineering designs to provide the 106	

desired outcomes is assessed. Although the importance of these is well recognised among 107	

scientists, in practice, this is rarely done. Unfortunately, for most developments, little 108	

effort is spent trying to maximise the environmental benefits and efforts to date have been 109	

rather tokenistic. The few developments that have incorporated eco-engineering 110	

techniques usually lack post-construction monitoring to assess whether the modifications 111	

were successful or not. On the other hand, developments that were monitored after 112	

construction usually lack clear quantitative goals to begin with, so assessment of success 113	

is not possible (e.g. Palmer et al., 2005). 114	

We propose a step-by-step framework (Figure 1) that can serve as a simple guide 115	

to coastal managers and relevant stakeholders to ensure that foreshore developments are 116	

built in ways to minimise their ecological footprint and maximise their benefits. This 117	

framework was conceptualised specifically for foreshore developments, and is based on 118	

general EIA principles (e.g. Airoldi et al., 2016), and on concepts derived from studies on 119	

restoration ecology (e.g. Ellison, 2000; Field, 1999; Grayson et al., 1999; Suding, 2011). 120	

In addition, we identify conceptual eco-engineering designs that can provide desired 121	

services when incorporated into multi-purpose foreshore developments (Dafforn et al., 122	

2015a, Figure 3). For example, eco-engineering interventions designed to increase 123	
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diversity, such as seeding of structures with habitat-forming organisms, can also increase 124	

productivity and decrease the abundance of non-indigenous species by pre-empting 125	

occupation of the available space (Figure 3).  126	

Regulatory requirements, although crucial to urban planning, were not considered 127	

here because they tend to be regionally specific. We acknowledge, therefore, that some 128	

steps of the framework will need to be adapted according to the existing local legislation. 129	

It is not our intention to review the global policy drivers for eco-engineering of marine 130	

structures (see e.g. Dafforn et al., 2015b; Naylor et al., 2012). Instead, our main aims are 131	

to inform planning and construction for clear and qualitative functional objectives; 132	

emphasise the importance of monitoring of outcomes to assess the effectiveness of 133	

ecologically sustainable foreshore developments; and raise awareness of the multiple 134	

benefits that developments can achieve through scientifically sound, and well-planned 135	

and designed eco-engineering. 136	

 137	

Conceptual Framework   138	

Steps to successfully design foreshore developments that minimise ecological impacts 139	

and provide multiple services are outlined below. These steps are part of the eco-140	

engineering pathway depicted in Fig. 1. As mentioned before, this framework should be 141	

applied when soft-engineering practices (e.g. managed retreat, restoration of habitats) are 142	

not possible/viable.  143	

1 - Specify the ecological objectives or targets to be achieved from eco-engineering new 144	

developments or retrofitting existing ones. This is, arguably, the most important step 145	
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when designing urban foreshore developments. It is important to consider the roles of the 146	

added structure(s) as habitat(s) and how they will interact with the local area. This aspect, 147	

together with potential mitigation and enhancement scenarios, is generally overlooked in 148	

urban developments.  149	

When establishing the objectives to be achieved by eco-engineering, it is important to 150	

have in mind that, sometimes, the restoration or rehabilitation of habitats is not possible 151	

(Lundholm and Richardson, 2010). In these cases, eco-engineering approaches should 152	

aim for reconciliation, i.e. ‘the invention, establishment and maintenance of new habitats 153	

to conserve species diversity in places where people live, work or play’ (Rosenzweig, 154	

2003). Urban environments differ vastly from original ecosystems, so attempts to re-155	

create or simulate a previous ecosystem state or surrounding natural habitat are often 156	

unrealistic (Dufour and Piegay, 2009; Louhi et al., 2011; Miller, 2006). Efforts to eco-157	

engineer foreshore developments should therefore adopt an ‘objectives-based’ strategy, 158	

focusing on achieving the desired ecological, social and economical targets. This strategy 159	

reflects the practical limitations that are likely to exist when incorporating eco-160	

engineering into developments, as well as the importance of accounting for human 161	

benefits (Dufour and Piegay, 2009). This will have consequences for how reference sites 162	

(see step 6) are chosen and interpreted.  163	

2 – Information acquisition. The collection of relevant data (e.g. through literature 164	

review, if possible) before an intervention occurs is crucial not only to avoid wasting 165	

resources on information that already exists, but also to identify important knowledge 166	

gaps that could, if necessary, be filled with post-intervention data collection (see step 5). 167	



	

9	
	

We stress that data collected should be directly related to the established ecological 168	

targets. For instance, if the expected objective is the maintenance of ecological services 169	

provided by marine systems (such as food production, or recreation), information should 170	

be collected on aspects of the structure and functioning of the systems that underpin those 171	

services. Similarly, if the development has been retrofitted (instead of incorporating eco-172	

engineering into construction), measurements need to be collected prior to retrofitting and 173	

from unmodified developments to establish a baseline for later comparisons (Underwood, 174	

1991, 1992, 1994). Data on the sustainability of the proposed engineering solutions 175	

should also be collected as well as socio-economic data, when relevant to the desired 176	

objectives. This step also allows us to understand some of the properties and processes 177	

driving the system and thus can be used to assess the suitability of the project (step 3). 	178	

3 - Suitability of the intervention. At this stage, the benefits of the planned eco-179	

engineering process should be evaluated, as well as its long-term self-sustainability. This 180	

is a crucial step in this framework to ensure a successful outcome. In order to do this, 181	

consultation with relevant stakeholders and surveys of the relevant variables are required. 182	

Information gathered in the previous step should be used to design strategic interventions 183	

that will achieve the desired objectives. For instance, the construction of water-retaining 184	

features (e.g. artificial rock-pools) on modified shores might not be useful and/or 185	

sustainable in places with high levels of sedimentation. Also, pre-remediation 186	

interventions might be needed, depending on results of the previous step. Remediation 187	

actions might be necessary if current environmental conditions at the development 188	

location (e.g. legacy contaminants) are likely to reduce or inhibit positive outcomes from 189	
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eco-engineering (e.g. Johnston and Clark, 2007; Knott et al., 2009). At this stage, 190	

consultation with engineers as well as ecologists (and social scientists, if relevant) is 191	

necessary to ensure, not only that intervention(s) will allow the realisation of ‘multi-192	

functional’ developments, but also to ensure that the physical integrity of the 193	

development will not be compromised. In the long run, it is also fundamental to address 194	

and eventually carefully plan the structural project lifetime (Airoldi and Bulleri, 2011). 195	

Coastal structures are vulnerable to damage from a variety of factors, and there is an on-196	

going need for repair and maintenance which could significantly impair the successful 197	

enhancement of target species by eco-engineering (Firth et al., 2014).  198	

4 - Define the practical designs to be eco-engineered or retrofitted into foreshore 199	

developments to achieve the initial multi-purpose objectives. This should be tailored 200	

according to the system, the type of existing or new structure(s) and the multi-purpose 201	

objectives (established a priori). Specific designs should be based on existing scientific 202	

ecological information (e.g. experiments, surveys, etc.; see steps 2 and 3).  203	

For instance, in Sydney Harbour, Australia, gastropods commonly found on rocky shores 204	

occur infrequently or are absent from artificial seawalls (Chapman, 2003, 2006). 205	

Gastropods play important ecological roles in intertidal communities, from grazing (e.g. 206	

Nerita atramentosa) to predation (e.g. Morula marginalba) (Chapman, 2006). Therefore, 207	

their reduced abundance and diversity on seawalls is likely to affect the trophic structure 208	

of these habitats, altering important ecosystem functions. If one of the objectives of eco-209	

engineering is to increase the number of these organisms on existing seawalls (and/or 210	

mimic natural densities on future developments), one alternative is to increase the 211	
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available area of intertidal habitat on artificial structures by building them with a gentler 212	

slope – similar to those found on natural reefs at Sydney Harbour (Johnston et al., 2015) 213	

– or by adding some horizontal habitat on these structures (Chapman, 2006). 214	

Furthermore, many of the gastropods found exclusively on rocky shores are usually found 215	

in crevices, overhangs or areas that retain water, e.g. rock pools – microhabitats that are 216	

absent from seawalls and pilings. Increasing the complexity of artificial structures would 217	

allow the establishment of viable populations of gastropods on artificial structures 218	

(Chapman and Blockley, 2009). If, on the other hand, the objective is to restore or 219	

increase abundance of algae on intertidal artificial habitats (e.g. pilings, seawalls), 220	

possible designs or approaches include increasing the of amount of light reaching these 221	

structures by building piers (when relevant) with transparent materials or with gaps wide 222	

enough to allow the passage of light (Dyson and Yocom, 2015) or direct transplants of 223	

algae onto these artificial structures (Perkol-Finkel et al., 2012). It is important to note, 224	

however, that excessive grazing rates are unique to many artificial habitats (Ferrario et 225	

al., 2016). Therefore when aiming to increase or restore algae on these habitats, methods 226	

or practices to control local fishing/grazing pressure e.g. the construction of herbivore 227	

exclusion devices to protect seaweeds, should also be considered to ensure a successful 228	

manipulation (Ferrario et al., 2016). 229	

At this step, it is important that interventions are designed to increase multi-functional 230	

benefits from the development (Dafforn et al 2015a; Figure 3). Pollution abatement and 231	

increased diversity can be simultaneously accomplished, for instance, if habitat-forming 232	

organisms, such as oysters, that can improve water quality as well as serve as habitat, 233	
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food and/or shelter for many different species are added to the structure (see more 234	

examples in Figure 3). 235	

5 - Evaluate the benefits, success and cost/effectiveness of the intervention. This is 236	

necessary once the structure or development has been eco-engineered. This can be 237	

achieved by monitoring the ecological characteristics of the retrofitted structures or eco-238	

engineered sections of the development/structures at multiple ecologically relevant time 239	

points post-construction. It is important to emphasise the need for adequate temporal and 240	

spatial replication of sampling at the development and potential reference sites (Keough 241	

and Quinn, 1991; Underwood, 1992). The choice and interpretation of reference sites are 242	

directly linked to the initial objectives (step 1). Expert input at this stage is necessary to 243	

ensure that managers and relevant stakeholders are provided with appropriate advice on 244	

design and data interpretation.  245	

The ecological and economical cost-benefits of the eco-engineering process should also 246	

be directly evaluated and compared to traditional ‘grey’ engineering. This step is 247	

fundamental because it is the only way to evaluate whether the initial established targets 248	

were successfully achieved and are better than standard practices. Metrics of success and 249	

quantitative monitoring programs remain largely ignored in post-study sampling of 250	

ecological restoration projects (as reviewed by Suding, 2011), which allows the 251	

perpetuation of mistakes and erroneous concepts. Social and economic benefits and trade-252	

offs should also be considered when evaluating the modifications done (Abelson et al., 253	

2015; Morris et al., 2016).  254	
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To assess whether objectives have been achieved by the practical retrofitting and/or eco-255	

engineered designs incorporated into the developments, data collected before the 256	

intervention and on monitoring surveys should be analysed and the degree to which each 257	

objective has been met evaluated. Relevant stakeholders should also be consulted to 258	

evaluate whether their initial expectations were met. If possible, this evaluation should 259	

continue for the life of the foreshore development such that any new opportunities to 260	

retrofit structures could be identified and incorporated where appropriate. If initial 261	

objectives have not been met, more research is necessary in order to, not only identify the 262	

causes of this outcome, but also to generate new knowledge and techniques that will 263	

eventually allow successful modifications and construction of eco-friendly and cost-264	

effective ‘blue’ foreshore developments. At this point, managers should consider revising 265	

their strategy based on lessons learned or new information (adaptive management).   266	

 267	

It is imperative to note that the design and construction of multi-purpose coastal 268	

infrastructure requires the input of specialists such as ecologists, engineers, architects and 269	

economists, and should therefore involve a multi-disciplinary team. The intent of the 270	

proposed framework is to give managers an easy general step-by-step guide that can be 271	

applied to different developments around the globe to minimise their environmental 272	

impacts, while promoting ecosystem services. Nevertheless, the details and specific 273	

designs of each type of modification (e.g. addition of water retaining features; Browne 274	

and Chapman, 2011; Firth et al., 2013) necessary to achieve the desired ecological targets 275	

(e.g. increased native biodiversity), needs to be evaluated case-by-case.  276	
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Conclusions 277	

 The proposed framework can be applied to urbanised coastal systems worldwide 278	

to guide coastal managers in the planning and design of foreshore developments. We 279	

emphasise the need to define clear ecological, quantitative targets before planning and 280	

designing developments. Assessment of the added structure(s) as potential habitat and 281	

possible interactions with the local area will be essential. The assessment of the 282	

suitability of interventions based on desired objectives is a crucial step. We also stress the 283	

need for monitoring before, during and after eco-engineering activities, so outcomes can 284	

be evaluated against initial targets. By following this simple framework, managers will 285	

hopefully be able to develop efficient regulation regarding construction in the seascape, 286	

such that marine infrastructure can serve multiple ecological and socio-economic 287	

functions, ensuring a more efficient and sustainable use of natural resources.  288	
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 455	

Figure 1 – Step-by-step framework on how to plan and design foreshore developments 456	

using ecological engineering practices. Dashed line - adaptive management should be 457	

considered.    458	
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A) 459	

 460	

B) 461	

 462	

 463	

 464	

 465	

 466	

 467	

 468	

Figure 2 – A) Headland Park with eco-engineered intertidal and subtidal habitat and B) 469	

Southern end of the Barangaroo development, Sydney Harbour, Australia, under 470	

construction, including the foreshore interface with the intertidal and subtidal zones of the 471	

marine environment. Photos by Katherine Dafforn.  472	

 473	
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 478	
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 480	

 481	

Figure 3 - Examples of conceptual eco-engineering designs (light blue) that provide 482	

desired services (blue/black) when incorporated into multi-purpose foreshore 483	

developments. Block arrows identify direct links between the design and desired service 484	

and broken arrows identify indirect links between the design and provision of a service 485	

by maintaining or restoring native biodiversity. 486	
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