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Abstract

Sea-level rise poses major challenges to coastal landscapes and communities. Sustainable adaptation to sea-level rise has been a 
growing concern for coastal management authorities, engineers, ecologists, urban planners and designers. A shift from ‘coastal 
armoring’ and hard engineered ‘defense systems’, to ecologically informed infrastructures has created opportunities and challenges 
in designing structures that can perform beyond engineering goals and provide ecological and social benefits. Emerging studies 
determine the importance of ecological knowledge and landscape-based solutions in informing the design of coastal infrastructures; 
however, there are limited number of projects that demonstrate the most effective design approaches. 
This paper reviews existing and emerging projects that propose modified coastal structures including bioengineered breakwaters 
and living shorelines with natural and nature-based features that have multiple benefits such as reducing flood risks and mitigating 
the loss of intertidal and shallow water biodiversity. Two case studies of coastal management projects in the U.S. and Singapore 
are investigated, which take a ‘design by research’ approach through testing innovative approaches to achieve multiple benefits.
Opportunities and challenges associated with the design and construction of coastal structures with different levels of integrating 
landscape-based solutions are identified across projects, and guidelines for the design and construction industry are provided.
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1. Introduction: 

Sustainable adaptation to sea-level rise has been a growing concern for coastal management authorities and urban 
planners [1]. Effective and flexible planning plays a critical role in the processes by which adaptation strategies are 
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applied at the micro and macro scales (e.g. land-use policy frameworks, and community engagement). While these 
non-structural strategies are critical, a main part of coastal management strategies include structural solutions to 
mitigate the risks associated with climate changes, such as sea-level rise and erosion, in coastal communities and 
habitats. In preparation of anticipated effects of sea-level rise, increasing storm surges and erosion at the meso-scale 
level, engineers and ecologists have been collaborating with designers to propose ‘landscape-based’ solutions and 
‘soft’ adaptation strategies in lieu of ‘hard’ engineering structures that are often used to control natural processes 
without providing environmental benefits.

Ongoing research explores the issues around reinforcing coastal areas with hard defense infrastructures. In parallel, 
there is a need for low-lying areas to reinforce coastlines and protect the land from impacts of climate change in 
response to a growing coastal population. According to projections by Neumann et al. [2], the global Low Elevation 
Coastal Population could rise by more than 50% between the baseline year 2000 and 2030, from 625 million to 880 
million under the lowest growth assumptions. China, India, Bangladesh, Indonesia and Viet Nam are the top five 
countries with the highest exposure to impacts of sea-level rise on coastal population. Yet, in many of these countries 
hard engineering coastal structures are considered as the most effective solution to protect communities.

A growing number of studies have highlighted the negative impacts of hard infrastructure on marine and coastal 
habitats, including loss of biodiversity and ecosystem degradation [3-7]. Structural measures such as breakwaters and 
seawalls are often constructed to achieve outcomes such as providing safety, facilitating the movement of ships, 
reclamation of new land areas from the sea, and other socio-economic benefits. In the last decade, emerging studies 
and projects have increasingly focused on achieving environmental and ecological benefits through landscape-based 
solutions. The term ‘landscape-based solutions’ is defined as strategies that use natural elements and processes, or 
mimic characteristics of natural features (nature-based) to preserve and regenerate ecological outcomes [8].

This research provides an overview of a spectrum of coastal protection measures and their characteristics; from 
modified structured features such as seawalls and breakwaters, to living shorelines and hybrid and integrated solutions. 
Seawalls are often the last defense mechanism to protect highly urbanized coastlines and keep the water out from 
settlements. Breakwaters are constructed between intertidal and subtidal zones. They are not built to keep the water 
out, but rather reduce the wave action, slow the tidal forces, and reduce san scouring, and by doing so mitigate coastline 
erosion and encourage sedimentation and beach-building [19]. Subtidal breakwaters create habitat for juvenile fish, 
lobsters and shellfish, and intertidal exposed breakwaters create upland islands suitable for species such as seals and 
birds. Living Shorelines are broadly defined as shoreline stabilization and habitat restoration techniques that increase
the living space for estuarine and coastal organisms through the strategic introduction of native vegetation, natural 
materials and other ‘soft’ elements, alone or in combination with some type of harder shoreline structure (hybrid 
features) [9]. Examples are oyster reefs, salt marshes, seagrasses, and shallow waters or rock sills.

There is a need to provide clear definitions and develop strict criteria for what a ‘living shoreline’ consists of. 
Living Shorelines are argued to be an appropriate alternative to structured features, because they do not sever existing 
connections between riparian, intertidal, estuarine and aquatic areas essential for water quality, ecosystem services 
and habitat values [10]. However, there are diverging opinions on the definition of living shorelines and what they 
entail in terms of providing natural benefits. According to Pilkey et al. [10] a survey of living shorelines projects on 
the U.S. Gulf and East Coast estuaries revealed that a growing number of projects classified as ‘living shorelines’ 
often rely on massive hard stabilization and there is limited emphasis on natural stabilization or the development of a 
significant habitat component. 

This research focuses on two types of coastal structures with different levels of landscape-based integrations to 
achieve environmental benefits: modified seawalls and breakwaters, and layered living shorelines (e.g. oyster reefs 
and seagrass mudflats). In addition to the review of different coastal projects, two case studies at each end of the 
spectrum are analyzed with more depth to draw lessons for designers and engineers.

2. Methods

In order to understand different measures in designing structures of coastal resilience, a number of studies and 
projects were reviewed and different levels of integration of landscape-based features were identified. An array of 
strategies, from modification of existing engineered structures, to designing artificial reefs, were identified. 
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