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Abstract:

Coastal cities and ports are deeply interconnected with surrounding natural ecosystems, which pose
both unique challenges and opportunities when it comes to infrastructure development, such as roads
and railways, ports, energy systems, housing, water supply, drainage systems and marine structures.
With increasing loss of biodiversity and growing impacts of climate change in coastal regions, the
engineering community must adopt a more holistic and nature-aligned (sustainable, adaptive and
ecologically conscious) approach when developing coastal infrastructure. This study provides a global
systematic review of the current state of knowledge and application of Nature-Aligned Engineering
(NAE) methods in coastal infrastructure development. The study aims to advance the understanding of
NAE methods and the associated barriers, enablers, and opportunities for integrating NAE methods
within coastal infrastructure development frameworks. A systematic review approach was adopted to
ensure comprehensive coverage of existing literature. Three databases were selected for the review
process: Scopus, Web of Science, and Google Scholar. The latter was chosen to facilitate access to policy
documents and technical reports. The review revealed that integration of NAE methods into coastal
infrastructure development hinges on implementation of five strategic actions: skills development and
knowledge enhancement, targeted research for data and evidence, policy support, standardization of
methodologies for design, implementation and monitoring of NAE based infrastructure, and cross-
sector collaboration that encourages coordination between engineers, ecologists, urban planners and
community leaders. These actions will ensure that the NAE methods not only achieve technical
feasibility but also environmental sustainability, social acceptance and economic viability.
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1. Introduction

1.1. Background and Rationale

The United Nations Intergovernmental Panel on Climate Change (IPCC) projects that approximately
50% of the global population is expected to live in coastal cities by 2050. This is due to the increasing
attractiveness of coastlines for human settlement, fueled by economic opportunities, access to resources,
and trade. This will steer rapid expansion of coastal infrastructure to accommodate increased socio-
economic activities. The infrastructure expansion will exert pressure on limited land, materials and
energy resources, posing safety and sustainability risks to the people and the environment. It is
noteworthy that the world’s biggest industrial zones (significant CO, emitters) are located at shipping
ports for a gateway to regional and global markets. To ensure the coastal ecosystem remains secure,
safe, cleaner and sustainable, innovative methods and practices are needed in infrastructure
development. Tackling nature and biodiversity issues directly contributes to climate change mitigation
and adaptation efforts (Aguilera et al, 2023; Esteban et al, 2023]. Engineers will contribute significantly
towards realizing this goal by integrating nature-aligned engineering approaches in design, construction
and management of coastal infrastructures.

Nature-Aligned Engineering (NAE) engineering is a methodology that ensures the engineering solutions
are sustainable, adaptable, resilient and ecologically compatible with the ability to serve human needs
while also enhancing the Earth’s life-support systems i.e. designing and implementing engineering
solutions that work in harmony with the natural ecosystem (Hall, 2024; Bridges et al., 2017; Dolatowski
et al., 2024; Kurth et al., 2020). This term has been used alongside other similar concepts as described
in Table 1.

Table 1. Definition of other concepts that are similar to NAE

Engineering with Nature (EWN) Intentional alignment of natural and engineering processes to efficiently
and sustainably deliver economic, environmental and social benefits
through collaborative processes.

Nature Positive Engineering (NPE) Integration of ecological, human and climate information in the design,
construction and maintenance of infrastructures to minimize ecosystem
damage, enhance climate resilience, and promote long-term
sustainability towards an overall net-gain in nature

Nature-Inclusive Engineering (NIE) Nature inclusive engineering implies that social, economic and nature
conservation objectives are integrated in the engineering project

Nature-Based Solutions (NBS) NbS are actions to address societal challenges through the protection,
sustainable management and restoration of ecosystems, benefiting both
biodiversity and human well-being.

The core concepts of NAE, including EWN, NIE and NBS intentionally integrate natural processes into
engineered solutions to deliver economic and ecological benefits as well as social acceptance (Bridges
et al., 2017; Capobianco et al., 2020). Guidelines, such as the International Guidelines for Natural and
Nature-Based Features (NNBF) comprehensively detail planning, design, and adaptive management
practices (Bridges et al., 2022, Palinkas et al., 2022). Advances in modelling, monitoring, and co-design
processes would address scalability, site-specificity, and performance uncertainties of NAE solutions
(De Vriend et al., 2014; Slinger and Vreugdenhil, 2020; Van Proosdii et al., 2023).

The critical coastal infrastructures include roads, railways, ports, energy systems, sea walls, water supply
and drainage systems. Engineering decisions made throughout the infrastructure development cycle -
planning, design, construction, operation, and maintenance, can either enhance or impair the ability of
these ecosystems to deliver critical services. As global pressures such as climate change, sea level rise,
and biodiversity loss intensify, the engineering community must adopt sustainable and ecologically
conscious approaches to infrastructure development across the full infrastructure development cycle.
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(King et al., 2021; Vieira et al., 2024). For instance, project designs should rely on natural processes to
produce benefits, to include lowering demands on limited resources, minimizing negative impacts, and
creating new environmental benefits and environmental benefits.

Embracing nature-aligned methods for the infrastructure development in the coastal region and in port
areas can lower negative impacts on coastal and marine ecosystems, benefiting both the natural
ecosystem and local community.

Previous studies [De Vriend et al., 2014; Bridges et al., 2017; Wilms et al., 2017; Capobianco et al.,
2020; King et al., 2020; Perricone et al., 2023; Vieira et al., 2024] have looked at concepts of EWN,
NIE and NBS individually. However, there is lack of studies that have explored these concepts
collectively and systematically to provide current state of knowledge and practice on these methods.
This study provides a global review of the knowledge and practices of NAE methods in the context of
coastal infrastructure.

1.2. Objectives of the review

The objectives of this systematic review are as follows:

(1) To establish the current level of knowledge and practice of Nature-Aligned Engineering (NAE)
methods in coastal infrastructure development and advance the understanding of NAE.

(i1) To identify opportunities and strategic actions to accelerate the integration of NAE approaches
within coastal infrastructure development frameworks.

To achieve these objectives, the study was guided by four research questions (RQs):

RQ1: What is the current level of understanding and practice of NAE in coastal engineering
projects

RQ2: What type of NAE methods are currently being implemented in coastal infrastructure
projects and how widespread is their adoption across different continents/regions

RQ3: What skills and tools are commonly associated with application of NAE in coastal
regions, and where are the gaps?

RQ4: What are the perceived benefits, barriers, enablers and opportunities associated with NAE
methods in coastal infrastructure projects

2. Methodology

Systematic literature reviews provide a basis for evidence-based practice, policy making and further
research (Thanasi-Boce and Hoxha, 2025). This study employed a systematic literature review to
critically analyse existing knowledge and practices related to NAE in coastal infrastructure development
while identifying global evidence of successes, opportunities, enabling factors and barriers.

2.1. Search Strategy

Three databases were selected for the review process, namely Scopus, Web of Science and Google
Scholar. The choice of Scopus and Web of Science is due to their wide acceptance by the academia.
Also, they have a vast number of peer-reviewed journals, have advanced search features, and provide
structured metadata, which is essential for filtering, organizing and analyzing search results. The Google
Scholar was appropriate to enable access to policy documents and technical reports. The search was
conducted using strings comprising key words and terms, namely ‘Engineering’, ‘Coastal
infrastructure’, ‘Nature’, ‘Biodiversity’, ‘Adaptation’, ‘Design’, ‘Resilience’, ‘Climate change’, with all
relevant combinations utilizing “AND” and “OR” logic. Scientific publications such as peer-reviewed
journal articles or conference proceedings were considered along with, policy manuals/guidelines, and
technical reports. The search records were subjected to screening and eligibility assessment before



retrieval as described by the PRISMA-SR flow chart (Figure 1). The search initially generated a total of
182 records, which were then screened for relevance using the inclusion criteria. The full text for 57
records that met the relevance criterion were retrieved. Further screening excluded 21 purely qualitative
studies, with 36 studies selected for inclusion in the review.
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Fig.1: PRISMA-SR flow chart

Figure 2 depicts the most recurrent terms found in the titles of all the 182 publications generated by the
search. Analysis of keywords revealed frequent associations between terms such as “nature”, “coastal
resilience”, “adaptation”, “engineering”, “design”, “climate change”, and “coastal infrastructure”,
underscoring the interdisciplinary nature of the subject. The co-occurrence mapping generated using
VOSviewer further indicated that NAE approaches are studied in conjunction with policy and
management. The VOSviewer is generally utilized by researchers to create and visualize bibliometric
maps based on data extracted from search databases, enabling identification of the key themes and trends

and where the knowledge gap exists.
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Fig. 2. Co-occurrence mapping of the keywords in the literature search
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2.2. Eligibility Criteria

The criteria that was adopted to screen the eligibility of the records for inclusion in the review
is presented in Table 2, which is based on PRISMA-SR guidelines. The timeline 2010-2025 was
selected because the concept "Engineering with Nature", which is related to Nature-Aligned Engineering
was introduced in 2010 by the U.S. Army Corps of Engineers. Where it was not possible to exclude
articles based on title and abstract alone, full text versions were obtained and their eligibility was
assessed independently by two reviewers.

Table 2. Eligibility criteria for inclusion in the systematic review

S. No Criteria Eligibility
1 Type of Literature Journal articles, Conference proceedings, policy documents,
manuals, Technical reports, Government or Institutional guidelines
2 Date of publication Studies published between 2010 - 2025
3 Language Publication written in English
4 Relevance Explicit mention or focus on coastal engineering, coastal design,

ecological design, coastal resilience, adaptation, nature-based,
hybrid infrastructure or biodiversity in the context of coastal

infrastructure

5 Geographical scope No geographical limitations but relevance to coastal and marine
environments.

6 Methodological quality Scientific publications must present empirical findings, frameworks

or systematic reviews while policy documents and technical reports
must be authored by recognized institutions or subject matter
experts.

7 Access and availability Full text must be available for evaluation

Studies were excluded from the review if they met the following criteria:

e Focus solely on general infrastructure development, ecosystems protection or nature-based
solutions without specific linkage to engineering aspects.

e Focus on nature-aligned engineering methods outside the coastal context.

e Focus on infrastructure and sustainability without reference to coastal, marine or maritime.

e Are purely qualitative

2.3. Selection and Review Process

The selection process was conducted in two stages. First, the titles and abstracts of all retrieved records
were screened for relevance against the inclusion criteria by two team reviewers. Where it was not
possible to exclude articles based on title and abstract alone, full text versions were obtained and their
eligibility was assessed independently by the two reviewers, who further checked for correctness and
objectivity.

2.4. Data Extraction

A standardized data extraction form was developed in MS Word format. The form was pilot-tested by
three reviewers using six randomly selected studies before actual review. The form captures the
following details:

e Citation details (Author, Year, Title, Type)
e Geographical context/focus

e Definition/scope of NAE discussed

e Identified barriers/risks/enablers



e Mentioned gaps in skills, data or tools /future directions
e Key findings/conclusions.

RIS/RefManager was used to keep record of all references

2.5. Data Synthesis and Analysis

Qualitative thematic analysis was performed by organizing text segments from the included documents
according to predefined categories aligned with the research questions (e.g., NAE methods, skills,
integration barriers, regulatory issues, geographical region, research themes). A narrative synthesis of
findings of included studies was conducted by integrating the charted data to map the current landscape
of knowledge and practice of NAE. The focus was on identifying and collating key themes, concepts,
challenges, barriers, enablers and trends emerging from the literature

3. Results

3.1. Search results

This systematic review analyzed the existing body of literature of Nature-Aligned Engineering (NAE)
and similar concepts in the context of coastal infrastructure to identify the prevailing trends, thematic
co-occurrences and global patterns in research and NAE practices. The 36 studies that were selected for
the systematic review after screening had a focus on either design, implementation or performance of
NAE or related approaches. The review encompassed journal articles, technical reports, and policy
documents featuring a diverse set of case studies (Figure 3). The majority of case studies concentrated
in developed countries like the United States, Australia, the United Kingdom and the Netherlands as
depicted in Figure 4. These case studies provide an evidence base and valuable lessons that developing
countries could leverage to accelerate adoption of NAE approaches.

Year of Publication

2010 - 2015
Policy Documents

Technical Reports -

Journal Articles

2016 - 2020

2021 - 2025

0 5 10 15 20 25
Number of Publications

Fig. 3. Publications reviewed per category and the years of publication
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Fig. 4. Geographic concentration of the case studies in the systematic review

3.2. Findings from the review

Table 3 highlights the key findings from the important systematic literature reviews included in this
paper. Overall, the results reveal a growing application of hybrid engineering approaches and highlights
the importance of context-specific solutions.

3.2.1.

Principles of Nature-Aligned Engineering (NAE)

Presented in Table 4 is a summary of the reviewed studies that provide the definition and evolution of
the concepts of nature-aligned engineering, their contextual application, and the guiding principles.

Table 4: Evolution and contextual application of NAE

Title of Publication

Review results

Building with nature’: the new
Dutch approach to coastal and river
works [De Vriend et al., 2014]

Utilized a 'building with nature' approach in infrastructure
development. Developed and tested existing 'building with
nature' concepts

Building with Nature - an integrated
approach for coastal zone solutions
using natural, socio-economic and
institutional processes [Wilms et al.,
2017]

Effective integration of ecological services into hydraulic
infrastructure, supporting sustainable design

Coastal Engineers Embrace Nature:
Characterizing the Metamorphosis
in Hydraulic Engineering in Terms
of Four Continua [Slinger and
Vreugdenhil, 2020]

Highlights the transition from conventional to ecosystem-based
hydraulic engineering design in Netherlands by characterizing
the shift through four continua

Engineering coastal structures to

Proposed integrated design approaches that enhance
biodiversity in coastal infrastructure, applying a Four-step
framework: avoid, minimize, restore, offset biodiversity impacts

centrally embrace  biodiversity
[Suedel et al., 2022]
Principles for Resilient

Infrastructure [UNDRR, 2016]

Building adaptive capacity into infrastructure during the
design stage, designing safe-to-fail infrastructure and
appropriate monitoring and intervention




Integrating ~ Engineering  with
Nature® strategies and landscape
architecture techniques into the
Sabine-to-Galveston Coastal Storm
Risk Management Project [Holmes
et al., 2021]

Employed landscape architecture to integrate natural
systems with infrastructure. Proposed Nature-based
Features (NBF) that include drainage flood rooms, upland
pits, and urban basins for habitat connectivity and
recreational use.

3.2.2. Implementation Strategies of NAE

Table 5 presents the reviewed studies that are focused on how NAE is applied in coastal projects across
sectors. The studies provide insights on planning, design, construction and operation (implementation)
strategies of NAE in coastal infrastructure projects

Table 5: Implementation of NAE

Title of Publication

Review findings

Between a rock and a hard place:
Environmental and engineering
considerations when  designing
coastal defence structures [Firth et
al., 2014]

Indicated that biodiversity enhancement methods, like artificial
rock pools and pits, effectively manage biodiversity while
maintaining engineering performance.

A specific transdisciplinary co-
design workshop model to teach a
multiple  perspective  problem
approach for integrated nature-
based design [Slinger and Kothuis,

Found that the co-design process created an open and authentic
environment in which students from different disciplinary
backgrounds could experience undertaking integrated, nature-
based design

2022]
Sustainable Coastal Infrastructure:
Building Resilience through

Integrated adaptive design [Hall,
2024]

Recommends a systems-based approach to planning and design
of infrastructure. Proposes floating structures e.g. Pedestrian
bridges as alternative to engineered structures. Emphasizes that
identifying and understanding the site-specific conditions and
data is essential for successful adaptive design.

Application of management tools to
integrate ecological principles with
the design of marine infrastructure
[Dafforn et al., 2015]

Marine infrastructure prioritizes engineering solutions over
ecological considerations. Coastal managers face challenges in
balancing ecological biodiversity with human services amidst
urban development pressures.

Strategies for Adaptation of Solid
Waste Management Infrastructure
in Coastal Areas to Climate Change
[Thomas et al., 2023]

Presents strategies for an integrated eco-positive waste
management system with 4R approach and utilization of
renewable energy sources for waste treatment and transportation
to minimize the carbon footprint

Combining grey and  green
infrastructure to improve coastal
resilience: lessons learnt from

70% of successful projects demonstrated ecological
understanding and active stakeholder engagement That making
knowledge and evidence of hybrid infrastructure approaches

hybrid flood defences [Waryszak et accessible to stakeholders is key element to improve
al., 2021] acceptability.
Towards more sustainable coastal Advocated retrofitting existing structures to incorporate

development in the Arabian Gulf:
Opportunities for ecological
engineering in an  urbanized
seascape [Burt and Barthollomew,
2019]

ecological practices. That strengthened legislative frameworks
are needed to foster sustainable urbanization in gulf cities

Design challenges of
multifunctional flood defences: A

Provides an understanding of spatial and structural integration
in flood defences and multifunctionality
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comparative approach to assess
spatial and structural integration
[Van Veelen et al., 2015]

Enhancing  eco-engineering  of
coastal infrastructure with eco-
design: Moving from mitigation to
integration [Pioch et al., 2018]

Highlighted ecological impacts in technical design, avoiding
post-construction focus. Eco-design integrates marine
biological phenomena in early coastal infrastructure phases

Ecological enhancement of coastal
engineering  structures:  Passive
enhancement techniques
[MacArthur et al., 2020]

Passive enhancement of rock armour improves species
abundance and richness; textured boulders perform optimally.
Geomorphic features like blastlines mimic natural habitats and
boost biodiversity

Mapping and assessment of coastal
infrastructure for adaptation to
coastal erosion along the coast of
Ghana [Charuka et al, 2023]

That 20% of Ghana's coast is protected by grey
infrastructure. There is need to develop policies that
balance adaptation with environmental and socioeconomic
sustainability.

3.2.3. Outcomes and Evaluation of NAE

The studies presented in Table 6 provide insights on results, impact, limitations, performance evaluation,
benefits, and barriers to implementation of NAE methods in coastal infrastructure projects.

Table 6: Outcomes and Limitations of NAE

Title of Publication

Review findings

A blueprint for overcoming barriers
to the use of nature-based coastal
protection in Australia [Morris et al.,
2024]

The study highlights the importance of understanding barriers to
the implementation of NAE practices from multiple stakeholder
perspectives to find solutions. Lack of education and community
support were identified among the barriers

Constructed wetlands as nature-
based solutions—hands-on activities
to highlight their potential to
minimize ocean pollution [Almeida
et al., 2024]

A living lab through which students actively participate in
building a small constructed wetland (CW) and test its
effectiveness under various contamination scenarios. Provides
valuable opportunities to promote understanding on NAE and
the importance of environmental sustainability.

Building with Nature: in search of
resilient storm surge protection
strategies [ Van Slobbe et al., 2013]

Assessed the effectiveness of three coastal management
strategies for storm surge protection at a single North Sea
location. Conducted studies like the Delfland Sand Engine to
examine ecological and physical impacts of coastal
maintenance. Results demonstrated the necessity for resilient
and adaptable coastal protection solutions.

Educating Engineers in Coastal
Resiliency  with a Global
Perspective on Climate Change
[Fleischmann et al., 2020]

Proposes incorporation of climate science into engineering
education and exposure to best practices used in civil
engineering to promote infrastructure resiliency in a changing
environment

Blue is the new green — Ecological
enhancement of concrete based
coastal and marine infrastructure
[Ido and Perkol-Finkel, 2015]

Ecologically enhanced concrete (EA) improves marine
biodiversity, reduces invasive species dominance, and enhances
ecosystem services of coastal structures without compromising
structural integrity.

Coastal urbanization and
environmental change:
Opportunities  for collaborative

education across a global network
university [Burt et al., 2019]

Global academic networks enable students to contextualize their
understanding of global issues such as coastal urbanization and
environmental change - and their solutions that span local to
global scales.




Bringing  Concrete to  Life:
Harnessing Biological Processes for
Building Resilient Ports and Coastal
Infrastructure [Perkol-Finkel et al,
2019]

Bio-enhanced concrete displayed high chloride resistance,
extending service life and reducing maintenance costs. The
findings validate eco-engineering as a sustainable solution for
coastal development, merging ecological and structural benefits

Bringing harbours alive: Assessing
the importance of eco-engineered
coastal infrastructure for different
stakeholders and cities [Kienker et
al., 2018]

Generalised linear models were used to analyze the effects of
various factors on support for ecological engineering in Sydney,
Hobart, Auckland, and Tauranga. No clear understanding of the
public perceptions and support for ecological engineering.

Coastal adaptation with ecological
engineering [Cheong et al., 2013]

Regular monitoring of ecological structures, is essential for
measuring effectiveness and supporting resilience.

Designing urban ports for improved
coastal ecosystem services: Lessons
learnt for enhancing biodiversity &
reducing social-ecological conflicts
[Aguilera et al., 2023]

Port operations exert significant pressures on coastal ecosystem
services. Improved understanding of local ports' relationships
with ecosystem services and community is necessary

Ecological challenges for the use of
soil and water bioengineering
(SWBE) techniques in river and
coastal engineering projects [Rauch
et al., 2022]

The effectiveness of SWBE model varies by ecosystem type and
application context. The ecological value of SWBE structures
should be analyzed to establish and take into consideration the
negative impacts on ecosystems caused by SWBE measures,
during the period of construction.

Eco-engineering in  urbanised
coastal systems: consideration of
social values [Morris et al., 2016]

Analyzed public perceptions of marine environmental issues
and attitudes towards ecological engineering. Concluded that
public values are key for urban coastal conservation

Ecological enhancement of coastal
engineering  structures:  Passive
enhancement techniques
[MacArthur et al., 2020]

Passive enhancement of rock armour improves species
abundance and richness; textured boulders perform optimally.
Geomorphic features like blastlines mimic natural habitats and
boost biodiversity

Good practices for increasing the
application of ecosystem-based
adaptation and nature-based
solutions for disaster risk reduction
[UNDRR, 2024]

Provides good practice cases for increasing the application
nature-based solutions and adaption, that include increasing the
risk data, knowledge and capacity, and creating an enabling
legal and policy framework.

Investing in Natural & Nature-
Based Infrastructure = (NNBI):
Building Better Along Our Coasts
[Sutton-Grier et al., 2018]

The work highlights the benefits of NNBI systems and also cites
existing challenges in implementing coastal NNBI, including
the gathering of data on long-term performance, developing
appropriate NNBI siting guidance, and permits.

Constructed wetlands nature-based
solutions to enhance urban
resilience in Egyptian cities [Matter
and Gado, 2024]

Presents case studies of constructed wetlands (Cws) as
sustainable engineering solutions to urban and climate problems
in Egypt, including high levels of pollution, wastewater
management and storm runoff

Combining grey and green
infrastructure to improve coastal
resilience: lessons learnt from
hybrid flood defences [Waryszak et
al., 2021]

70% of successful projects demonstrated ecological
understanding and active stakeholder engagement. That making
knowledge and evidence of hybrid infrastructure approaches
accessible to stakeholders is key element to improve
acceptability.

Coastal engineering challenges in a
changing world [Hughes, 2014]

Proposes incorporation of climate change into coastal
engineering design through probabilistic framework for
accurate prediction of climate risk and uncertainty inherent in
the engineering designs. That policies on coastal infrastructure
should be supported with scientific data

Future of our coasts: The potential
for natural and hybrid infrastructure

Case studies highlighted policy challenges in hybrid
approaches. Research gaps exist in understanding infrastructure
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to enhance the resilience of our effectiveness across conditions. Better data is needed to
coastal communities, economies and integrate ecosystem protection.

ecosystems [Spencer and Suedel,

2025]

4. Discussion
4.1. Impacts and dependencies of coastal engineering and biodiversity

From the studies reviewed in the literature, it is apparent that engineering approaches employed in
coastal infrastructure development have a potential to impact Nature in various ways. Many coastal
species migrate or disperse across connected habitats. Thus, the construction of berths at ports,
breakwaters, and dredging activities can lead to habitat fragmentation and biodiversity loss [Esteban et
al., 2023; Hall, 2024]. Also, considering that coastal ecosystems depend on natural sediment supply for
shoreline health and stability, dredging, hard armouring, and port expansion can disrupt natural sediment
transport and hydrology, affecting coastal erosion patterns and water quality, thereby impacting aquatic
ecosystems. Moreover, the runoff from construction sites, stormwater systems and emissions from port
operations can introduce pollutants/contaminants that degrade marine ecosystems while noise and light
pollution can interfere with the behaviour of marine. Further, the heavy use of concrete and steel in
infrastructure development with improper planning increases carbon footprints and reduces natural
carbon sinks, which compromises resilience to climate impacts. Infrastructure that is engineered to align
with nature offer adaptive capacity and long-term resilience that traditionally engineered systems lack
[Bhattacharya et al., 2025; Cheong et al., 2013; Jordan and Frohle, 2022; Kurth et al, 2020; Perricone et
al., 2023; Spencer and Suedel, 2025].

4.2. Nature-Aligned Engineering Practices across Infrastructure Life-Cycle

Nature-aligned engineering practices in coastal infrastructure development are multifaceted and span
across the four phases of infrastructure life-cycle i.e., Planning, design, construction, operation &
maintenance as illustrated in Figure 5.

Planning E Designing

» Nature based synergies
« Ecological connectivity
» Community inclusion

« Holistic environmental
impact assessment
Ecosystem mapping
Risk assessment

Infrastructure

* Devel

« Ecological dependencies evz Olimenf:

« Vulnerability analysis ycle
Operation &

Maintenance Construction

« Circularity in the use of resources (4R) « Use low impact techniques

« Adaptive & responsive operation protocols Use sustainable construction methods

« Ecological performance monitoring Use innovative materials

+ Nature compatible upgrades Limit operations to non-sensitive periods
Environmental best practices

*« e o @

Fig. 5. Infrastructure development cycle with nature-aligned engineering approach

4.2.1. Planning phase

The planning phase should include holistic environmental impact assessment from the outset, integrating
ecosystem mapping and risk assessment to enable identification of ecological dependencies and
vulnerabilities before site selection.



42.2. Design phase

The design should allow for nature-based synergies and ensure ecological connectivity. Also, during
this phase, local communities, ecologists and indigenous groups should be involved to ensure inclusive
design.

4.2.3. Construction phase

During the construction phase, habitat disturbance and footprint should be minimized by use of low-
impact techniques, limiting operations to non-sensitive periods, adopting sustainable construction
methods that reduce concrete requirements (e.g. modular construction), using innovative construction
materials that are less carbon intensive, and implementing environmental best practices.

4.2.4. Operation & Maintenance phase

In the operation phase, circularity in the use of resources should be promoted (4R approach), and
potential pollution, runoff and emissions managed. In addition, the operational protocol should be
adaptive and responsive to ecological stress events and environmental feedback. The maintenance phase
should involve regular ecological performance monitoring of the ecosystems adjacent to the
infrastructure. Environment performance indicators such as water quality, carbon footprints, energy
consumption, air quality, soil and sediment quality, waste generation, waste management, and noise
pollution, can be assessed to measure the performance and impact of the infrastructure on the
environment and community. Moreover, the infrastructure upgrades should be nature compatible.

4.3. Enablers of NAE

Figure 6 summarizes what are considered in literature as the key enablers to mainstreaming of NAE
methods in coastal infrastructure development.

Relevant Expertise:
Knowledge & Skills Mindset Shift

NAE

|
—oll

Access to Resources Data Policy & Governance

Fig. 6. Key enablers of nature-aligned engineering

4.3.1. Access to Resources: Tools & Funding

Specialized tools such as advanced modelling softwares and sensors for monitoring ecosystems are
essential for implementation of NAE approaches in coastal infrastructure projects. The tools would
enable precise assessment of coastal dynamics, erosion, sediment transport and ecosystem interactions
[De Vriend et al., 2014, Da Silva et al., 2024, Webb, 2016, Wilms et al., 2017]. Also, funding is required
to cover costs of research (for innovative solutions), training, long-term monitoring, and community
engagement.

4.3.2. Skills and Knowledge: Necessary Expertise

Expert knowledge across an interdisciplinary span and professional skills in coastal engineering are
necessary to realize infrastructure design solutions that are nature-aligned [Birth et al, 2019; Esteban et
al., 2023; Hall, 2024; Slinger and Kothuis, 2022]. For instance, knowledge of ecological principles
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would ensure the engineering works are eco-friendly while technical knowledge will allow the design
of coastal engineering solutions that balance functionality with ecological health. Since knowledge and
skills empower innovation, having the necessary expertise would make it possible to develop innovative
engineering designs that enhance resilience while protecting biodiversity

4.3.3. Data

Targeted research and robust data are essential to build scientific evidence to support and validate NAE
approaches. These efforts help establish the scientific credibility, practical effectiveness and stakeholder
confidence. Availability of ecological, hydrodynamic and geospatial data would help to identify suitable
sites anticipate risks and tailor NAE designs to local contexts. Performance data generates empirical
evidence, validating NAE approaches and informing adaptive management, while also building a time-
tested evidence base to support policy integration. Predictive data from modelling and simulation
supports proactive NAE designs and investment decisions, while data on community dimensions ensures
NAE solutions are socially viable and context-sensitive [Charuka et al., 2023; CoMSSA, 2024; Gittman
et al., 2016; Kempa et al., 2023; Da Silva et al., 2024; Van Proosdii et al., 2023; Waryszak et al., 2021].

4.3.4. Mindset shift

It is fundamental for coastal engineers and other relevant stakeholders in coastal infrastructure projects
to shift their mindset towards embracing co-benefits with nature. A positive mindset fosters
collaboration and adaptability. This mindset would encourage experimentation (openness to non-
traditional engineering approaches), community involvement and resilience thinking [Fleischmann et
al., 2020; Morris et al., 2016; Wilms et al., 2017].

4.3.5. Supportive Policy & Governance

Policies shape priorities and create regulatory frameworks that can either support or hinder nature-
aligned engineering solutions. Having a supportive and strong policy framework would legitimize and
scale sustainable engineering practices, creating an environment where nature-aligned engineering
approaches are not just possible but preferred. For instance, flexible regulations can allow for
experimentation and piloting of non-traditional engineering, while incentives and mandates can promote
the use of green or hybrid infrastructure. Equally, public participation policies would ensure stakeholder
buy-in, increasing the success and sustainability of the NAE projects [Bridges et al., 2022; [UCN, 2020;
Webb, 2016].

4.4. Barriers to NAE

The drive towards mainstreaming NAE practices in coastal infrastructure development is gaining global
attention. However, several key barriers can impede the progress towards this goal, which include the
following:

4.4.1. Financial barriers

Upfront investments in research, pilot tests, community engagement and ecologically monitoring would
be required to implement nature-aligned engineering solutions. Traditional funding mechanisms favour
short-term, conventional engineering infrastructure projects. Investors view nature-aligned engineering
methods as less predictable, especially without long performance data. Also, in the absence of data,
uncertainty over long-term maintenance costs may deter funding.

4.4.2. Negative mindsets

Non-flexible mindsets especially among engineers, coastal planners, policy makers and community
leaders accustomed to conventional engineering approaches may hinder adoption of innovative NAE
approaches, perceiving them as unfamiliar, less reliable and less scientifically valid.

4.4.3. Lack of Skills & Knowledge



Training gaps, data and research deficits, and absence of demonstration projects can impede the adoption
and mainstreaming of NAE practices in coastal infrastructure developments. Many coastal engineers
and planners are not trained on ecosystem-based design or adaptive management. Again, limited data
on local ecosystems and NAE systems performance and safety as well as poor integration of ecological
knowledge into engineering curricula reduces the capacity to implement NAE approaches.

4.4.4. Geographical Barriers

Nature-Aligned Engineering solutions may not be applied uniformly across different geographical
locations, owing to ecological, hydrological, climate and geospatial differences; instead, adaptation to
the local or regional context might be necessary, increasing the cost.

5. Conclusions

This study investigated the current level of knowledge and practice of Nature-Aligned Engineering
(NAE) methods in coastal infrastructure development to provide an understanding of NAE methods and
the associated barriers, enablers, and opportunities for integration of NAE methods within coastal
infrastructure development frameworks. Leveraging and aligning the enablers of NAE approaches
would create a strong pillar for coastal engineering that is resilient, adaptive and environmentally
integrated. The following conclusions are drawn:

e Knowledge and practice of NAE is more established in high income countries than lower
income and developing countries

e To successfully implement and mainstream NAE practices, the barriers must be addressed
through strategic funding, training, research, mindset transformation and governance actions

e The governance actions to support NAE practices would include aligning local engineering
codes and development regulations with ecological standards, creating regulatory frameworks
that incorporate ecological considerations into engineering, fostering cross-sector collaboration
to encourage coordination between engineers, ecologists, urban planners and community
leaders, and supporting research and innovation.

e Specific skills and data are required at each phase of the infrastructure development cycle
requires to ensure achievement of both ecological integrity and engineering efficacy

e Embracing emerging technologies like Artificial Intelligence (Al) and Internet of Things (IoT),
and integrating them in coastal engineering can enable more responsive and adaptable
infrastructure management strategies by providing robust data and predictions on critical
parameters.

As priority action, coastal cities should strengthen local capacities to address the barriers and enable
successful implementation of NAE approaches in coastal infrastructure development.

6. Recommendations

Coastal cities and maritime ports need to shift from the traditional engineering mindset to one that
embraces engineering approaches that are aligned with nature. By recognizing and understanding the
relationships within ecosystems and integrating ecological principles into every stage of infrastructure
development, coastal cities can become leaders in biodiversity protection while building resilience and
adaptability to the effects of climate change. The integration of NAE methods into coastal infrastructure
development hinges on the implementation of five key strategic actions. These actions will ensure that
the NAE methods not only achieve technical feasibility but also environmental sustainability, social
acceptance and economic viability.

1) Comprehensive Skill Development
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NAE methods requires diverse and interdisciplinary skills set combining technical expertise with
ecological understanding, stakeholder engagement and adaptive management. There is urgency to invest
in training programs (continuing education and upskilling) that equip coastal engineers, urban planners,
environmental scientists, marine biologists and policy makers with the necessary skills in areas like
ecological design, geotechnical analysis and hydrodynamic modelling, integrated planning and systems
thinking, stakeholder engagement and communication, policy analysis and advocacy, sustainable
construction and adaptive management. The coastal community leaders should be trained to participate
in planning and maintenance of NAE infrastructure systems through citizen science and participatory
design.

2) Knowledge Enhancement

Action is needed to promote interdisciplinary education through curriculum integration of scientific and
socio-economic principles underlying NAE, including coastal ecology and dynamics, hydrology,
climate change, and policy. Moreover, universities and technical institutions should embrace
experiential and case-based learning using successful global examples of NAE practices and develop
collaborative knowledge hubs (online platforms) on NAE and associated concepts. Also, it is necessary
to implement education programs that promote cross-disciplinary knowledge exchange between
professionals, community leaders and funders involved in coastal infrastructure development. Further,
the community and stakeholders should be educated to raise awareness of the benefits of NAE methods.

3) Targeted Research for data

Conducting research to fill critical data gaps, particularly in areas such as the long-term performance of
NAE based infrastructure, their resilience to climate change impacts, and the cost-benefit analysis.
Living labs and pilot projects should be created where researchers and professionals can test and observe
NAE based systems in action and develop prediction models. Predictive data from modelling and
simulation supports proactive NAE designs and investment decisions. Performance data generates
empirical evidence, validating NAE approaches and informing adaptive management, while also
building time-tested evidence base to support policy integration. Nonetheless, availability of ecological,
hydrodynamic and geospatial data would help to identify suitable sites anticipate risks and tailor NAE
designs to local contexts while data on community dimensions ensures NAE solutions are socially viable
and context-sensitive.

4) Policy Support

Developing clear and supportive policies that incentivize the use of NAE approaches, including building
codes, and funding mechanisms. Also, creating regulatory frameworks that require ecological
considerations in engineering, cross-sector collaboration that encourages coordination between
engineers, ecologists, urban planners and community leaders, and supporting research and innovation.

5) Standardization:

Creating standardized methodologies for design, implementation, and monitoring of NAE based
infrastructure projects, establishing accreditation programs for professionals trained on Nature-Aligned
Engineering, and standardization of the metrics for evaluating the ecological, social and engineering
performance of NAE based infrastructure. Other key actions include promoting open data standards for
sharing outcomes of NAE based coastal infrastructure projects across regions and projects, and
supporting interoperability across planning, permitting and engineering disciplines. Also, NAE design
tools and models should be incorporated in widely used coastal management software, GIS, and
Geospatial platforms.
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