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SUMMARY

Coastal erosion is a significant global threat to coastal communities, ecosystems, and infrastructure. Despite
various global coastal management strategies and policies and the best efforts to combat coastal erosion,
challenges persist. This study reviews global literature on coastal erosion management strategies, high-
lighting lessons learned and challenges encountered in implementation from past experiences. Findings indi-
cate that global coastal erosion is increasing, with seawalls and hard engineering declining and nature-based
solutions and ecological engineering being developed. However, balancing coastal protection with environ-
mental and socioeconomic impacts remains a global challenge, as static coastal protections struggle to
adapt to dynamic climate change scenarios. Thus, rising sea levels and other causes of coastal erosion
should be prioritized alongside holistic coastal management approaches that consider recession, land
use, infrastructure, community well-being, and resilience. This study underscores the need collaborative ef-
forts among stakeholders to develop sustainable coastal protection solutions to address rising sea levels and

coastal erosion.

INTRODUCTION

Throughout the history of coastal protection, coastal managers
and regulators have been challenged to establish optimal solu-
tions to manage coastal erosion.’® Scientists, engineers and
managers are still on a mission for a long-term solution to coastal
erosion that has less negative consequences. Coastal erosion,
defined as the net removal of sediments or bedrock from the
beach, shoreline, or dune material as a result of natural coastal
processes or human-induced influence, poses a significant
threat to coastal communities, ecosystems, and infrastructure
worldwide.** The impacts include the consequent loss of land,
valuable property, and coastal ecosystems like marshes, oyster
reefs, and nesting grounds,”° prompting the development of
diverse coastal erosion management strategies.

Various coastal management strategies have been imple-
mented globally, including the accommodate, protect, and
retreat strategies,®® the United Kingdom (UK), Shoreline Man-
agement Plans (SMPs)—advance the line, hold the line,
managed retreat, and no active intervention approaches,® and
various coastal management strategies in countries like
Netherlands,'®'? and coastal erosion decrees in the United
States. These coastal management strategies, however
different, have the prime objective provide effective coastal pro-
tection while creating a balance between coastal development

and protection, and environmental and socioeconomic sustain-
ability. For instance, SMPs are non-statutory policy documents
used for planning shoreline protection usually over short (0-20
years), medium (20-50 years), and long-term periods (50-100
years), which have been internationally considered as model
coastal management strategies.®'® Similarly, in the United
States, various coastal erosion designations such as the Florida
Coastal Management Plans have been developed for beach
management.'*

Prior to the 1950s, the main purpose of coastal protection was
to safeguard vulnerable structures without due consideration to
the environmental aspects. This sparked a heated public discus-
sion about whether the high cost of hard engineering and the
associated environmental consequences were justified,” leading
to the introduction of soft engineering in the 1960s as a prefer-
ence over hard approaches.”

Common coastal protection infrastructure categories include
static hard engineering (seawalls, groynes, breakwaters, and
jetties), soft engineering (dredging, beach nourishment, dune
rehabilitation, and wetland restoration) and managed retreat/
coastal realignment such as coastal setbacks.’*'* However, it
must be emphasized that the implementation of coastal infra-
structure typologies to protect beaches varies because of
many factors such as geographic region, level of technological
development, financial constraints, and governance.7'8 Due to
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Figure 1. Coastal protection structures located around the globe
(A) Breakwaters at Sally West Africa.®

(B) Groins at Southern California (source: Orange County Register).

(C) Seawall at Male Island, Japan (www.mofa.go.jp).

(D) Groins at Pawleys Island, USA.*?

(E) Jetties at Columbian River mouth.

(F) Seawall in Netherlands (https://interestingengineering.com).

these differences, the implementation of coastal defenses varies
greatly across the globe.

One of the significant challenges is to identify global locations
where different types of coastal protection were implemented.
Fortunately, this has been made possible through the dual use
of artificial intelligence and websites like the Open Street Map
(https://www.openstreetmap.org), where volunteers have added
information on coastal protection strategies. Developing a re-
pository of coastal protection structures will therefore be signif-
icant for stakeholders that could help to implement mitigation
measures and improve the implementation of current and future
coastal defenses. An interactive database of coastal protection
can be an invaluable tool for stakeholders in improving future
coastal protection efforts. This can be achieved by identifying
best practices, learning from failures, evaluating long-term effec-
tiveness, knowledge sharing and informing policy planning and
review to make future coastal protection efforts more effective
and sustainable.

Implementing a protection structure is however mostly depen-
dent on what the hazard is and less on the entire ecosystem. In
some areas, hybrid engineering is used to deliver protection and
ecological benefits by integrating gray, natural and nature-based
solutions (NbS)."*~'" Therefore, it is essential to implement
coastal infrastructure options based on their value to provide
protection, adapt to sea-level rise, impacts on ecosystems,
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and the different subtypes of adaptation to different regions.'®
By highlighting protection and ecosystem functions, researchers
claim that natural habitats can complement engineered infra-
structure to provide cost-effective protection while also incre-
asing coastal resilience.'%%?

The implementation of coastal protection is also influenced by
the state of economic development, specifically the differences
between developed and developing countries. Many countries
require skilled human capital with the necessary engineering
know-how to develop effective and efficient coastal erosion
management projects. Since the decision regarding whether to
implement hard or soft coastal protection or to use managed
retreat is the responsibility of coastal managers and regula-
tors,”'*?% it is equally essential that the human capital is equip-
ped with the right knowledge and skills to develop and imple-
ment sustainable coastal protection solutions.

Hard-engineered coastal erosion protection structures (Fig-
ure 1) have several consequences.”” Scholarly evidence indi-
cates that in the endeavor to provide intended coastal protec-
tion, hard-engineered infrastructure (e.g., seawalls, jetties, and
groynes), may produce unintended negative effects at different
geographic scales.®?°? Case examples of environmental pit-
falls of hard structures include failed coastal stabilization on
beaches at Kwazulu Natal, South Africa,”® Tweed River Mouth,
Gold Coast, Australia,”® the Caribbean Coast,>®> and Suffolk
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Figure 2. Some soft engineering strategies and natural solutions

(A) Dune vegetation at the Cape Cod area of Massachusetts USA (https://www.123rf.com/).
(B) Managed Retreat at Alkborough on the Humber Estuary in Eastern England (https://www.agefotostock.com/age/en/details-photo/).

(C) Sand dune rehabilitation, Mauritania.®

(D) Beach Nourishment at Manila Baywalk, Philippines (https://mail.pinoybuilders.ph/dolomite-sand-manila-bay/).

(E) Dune restoration, Senegal.®

and Norfolk in the UK,?® impacts of the submerged breakwater in
Thailand,*° and impacts of breakwaters, jetties and groynes in
Mexico,?**" just to mention a few examples.

Other negative setbacks for hard engineering include financial
constraints due to high costs,>*° conflicts of engineering inter-
ventions and environmental conservation,’ lack of information
on stakeholder engagement, difficulties in predicting the long-
term effectiveness of implemented measures,® and impact on
river, estuarine and deltaic environments.”® In Ghana, for
instance, the construction of the Ada Sea Defense Project near
the mouth of the Volta Estuary®*®> may probably be the causa-
tive factor for the drastic changes that occurred at the mouth of
the Volta Estuary, which has also seen increased erosion and
wave overtopping.®® In addition, the cessation of beach nourish-
ment at Ada likely jeopardized design performance and contrib-
uted to rapid beach deterioration.

Soft engineering strategies (e.g., Figure 2), principally beach
nourishment, emerged in the 1920s and are gradually succeed-
ing hard engineering. Beach nourishments are installed either as
standalone beach nourishments’'°*=¢ or alongside hard de-
fenses, e.g., nourishing degraded beaches at seawalls or groyne
fields.®9~*? Other soft measures include using shingles in the UK,
bamboo fences as coastal protection in Vietnam,*® or maintain-
ing tropical beaches with seagrass and algae.”* Nevertheless,
like with gray infrastructure, solutions like beach nourishment

and dredging are also bursting with many negative conse-
quences on health, ecological diversity, and microfauna*®¢—
the materials used for nourishment could be dangerous. For
instance, the dolomite sand material used for the nourishment
of Manila Bay created a debate. Although no major abnormalities
are noticed by tourists,”” symptoms such as cough, phlegms,
productive cough, and shortness of breath have been reported
among exposed workers utilizing dolomite.

Over the past 50 years, substantial progress has been made in
integrating hard and soft approaches, as well as leveraging na-
ture and NbS (Figure 2). The goal of engineering or building
with nature and nature-based infrastructure is to balance coastal
protection and environmental (ecosystem) services.'*2+16:33:48:49
Nevertheless, many problems are posed by ecological engineer-
ing. For instance, dredging and beach nourishment may disrupt
ecosystems causing impacts on biodiversity.’® In addition,
building with nature is not standardized and there are many
gaps in knowledge, governance, and technological and engi-
neering know-how.”"® Until recently, there was very little informa-
tion available on the efficacy of natural capital, which caused
investor and public skepticism. In this context, understanding
knowledge gaps and stakeholder preferences (e.g., Mallette
et al.®%) has become a critical global factor for coastal protection.

Many lessons may be drawn from the challenges encountered
in coastal erosion management globally, including successful
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and failed strategies. Understanding historical perspectives is
crucial for avoiding past mistakes, ensuring sustainable coastal
protection and creating resilient coastal zones. Based on these
lessons, stakeholders can collaboratively develop sustainable
solutions adapted to their geographical contexts and protect
vulnerable coastal regions in the face of increasing sea-level
rise and human anthropogenic activities. While coastal erosion
is a well-researched topic, synthesizing data and strategies
from various regions worldwide may provide fresh insights
and comparative analyses contribute to the novelty of this
research. In addition, research uniqueness also arises from the
interdisciplinarity that emerges from integrating insights from
environmental science, engineering, economics, and social sci-
ences perspectives that could contribute to holistic solutions
that consider both natural processes and human behaviors.

To guide this scoping inquiry, the central question was how to
determine what challenges and lessons may be learned from the
global coastal erosion protection management since the 1970s.
The mid-20™ century is of particular interest because it marked
the diversification of shoreline protection approaches such as
the transitions from shoreline armoring using hard engineering
to soft engineering using beach nourishment.” It was also an
important era during which important coastal management
agencies and policies emerged. The findings will provide valu-
able information for coastal managers, regulators, and re-
searchers seeking to better understand the intricacies of coastal
erosion management and adapt adaptation methodologies to
specific geographic settings. The idea is that in order to influence
or revise coastal erosion management policies at local levels, it is
necessary to understand and reference the approaches, chal-
lenges, and lessons learned from different global contexts.

The major research limitations to this study include the
following. (1) Data availability and quality constraints, especially
from less-studied regions or absent historical records. (2)
Regional variability since coastal erosion is influenced by a
myriad of factors including geomorphology, climate, and human
activities, leading to significant regional variability. Therefore,
generalizing findings or strategies from one region to another
without considering these variations could limit the applicability
of the research. (3) Technological constraints due to differences
in technological gaps among different regions. (4) Temporal dy-
namics that dictate coastal environments to change continu-
ously over different temporal scales. Thus, the research may
not sufficiently capture long-term trends or account for future un-
certainties such as climate change impacts. (5) Social and eco-
nomic factors involved in implementing erosion protection stra-
tegies that are often complex. These are relevant areas that
are required in the current dispensation. The research may over-
look the socio-economic drivers of coastal development, such
as issues of equity, governance, and stakeholder engagement.

METHODOLOGY

Literature reviews comprise different methodological ap-
proaches. The present study adopted the “describe” typology
of literature reviews.®' Descriptive reviews examine and update
the existing literature based on a given research question or sub-
ject area.”’ In this regard, a “scoping review”>>*® provided the
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best opportunity to establish a comprehensive body of literature
and insights from global coastal erosion management.

This study followed the Preferred Reporting ltems for System-
atic Reviews and Meta-Analyses (PRISMA) protocol.>* PRISMA
is a methodology that provides a checklist necessary to perform
and report systematic reviews and meta-analyses. The process
(Figure 3) helps researchers adhere to standard protocol during
data search strategy, analysis, and reporting systematic re-
views.** Documents were searched from Scopus and Journal
Storage (JSTOR) databases.

It should be mentioned that although 462 documents were
finally selected for the study, the study recognizes the impor-
tance of the vast literature excluded and their relevance in
coastal protection literature.

Data search strategy

In this study, the Scopus database and Journal Storage (JSTOR)
were searched for articles on coastal erosion management, chal-
lenges, solutions and lessons learnt from 1970 to 2023 (July 02:
15:00 GMT). In general, most of the documents from JSTOR
were Scopus-indexed. However, some important documents
were manually searched. The initial search identified 5,816 doc-
uments. By applying the language filters, 214 non-English docu-
ments comprising French (70), Chinese (50), Portuguese (48),
Spanish (43), and Italian (3) were screened out, leaving a total
of 5,602 documents. Subsequently, three Scopus database fil-
ters were applied to exclude book chapters, conference papers
and conference reviews. Although book chapters and confer-
ence papers can provide valuable information, it was decided
to analyze only peer-reviewed publications. The final search
query was:

TITLE-ABS-KEY (coastal AND erosion AND (management OR
challenges OR solutions OR lessons)) AND (LIMIT-TO
(PUBSTAGE, “final”)) AND (LIMIT-TO (DOCTYPE, “ar”) OR
LIMIT-TO (DOCTYPE, “re”) AND (LIMIT-TO ( LANGUAGE,
“English™)).

The results produced 3,919 documents, comprising 3,662
research articles (ar) and 257 review papers (re). These docu-
ments were exported to Microsoft Excel for detailed content
analysis of the “title,” “abstract,” and “keywords” to test their
eligibility for inclusion in the study. In addition, 78 documents
were identified through the JSTOR to capture important docu-
ments that were not Scopus-indexed.

Additionally, geographic location data of coastal adaptation
solutions like groynes, jetties/breakwaters, and dykes/seawalls
were identified and retrieved from OpenStreetMap along the
global coastal areas. OpenStreetMap (OSM) is a free, open
geographic database updated and maintained by a community
of volunteers via open collaboration. Contributors collect data
from surveys, trace from aerial imagery, and also import from
other freely licensed geodata sources. Therefore, the data may
be unavailable in areas where the community has not uploaded
such data onto the map.

Synthesis of title, abstract, and keywords

A mechanism was developed to test the “title,” “abstract,” and
“keywords” columns for the terms “coastal erosion,” “coastal
management strategy,” “coastal protection,” or “nature-based
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Figure 3. PRISMA workflow showing the
stages followed in the literature inclusion
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solutions,” “green infrastructure,” ‘“gray infrastructure,” or
“hybrid infrastructure” with the objective as follows: (1) include
papers only focusing on “coastal erosion management” ap-
proaches or “coastal infrastructure” typologies and their sub-
types; (2) subclass the findings into “management approaches,”
“challenges,” or “lessons learnt”; and (3) assign additional cate-
gorization for each document like country, subtype of infrastruc-
ture, e.g., hard or soft engineering, or further classify challenges
and lessons learned. Finally, 572 documents passed the eligi-
bility test. However, 370 documents were subsequently
excluded from the final analysis with valid reasons such as no ac-
cess to full text and similar studies. In total, 462 documents were
analyzed and used in the final qualitative assessment. A
conscious effort was made to ensure that the documents
captured all the key issues to satisfy the objective of the study.

Data quality assessment: Inclusion-exclusion criteria

To guarantee the quality, the abstracts from the identified litera-
ture were exhaustively synthesized for relevance to the topic,
following the identification, screening, eligibility, and inclusion
of phrases consistent with the PRISMA framework. Furthermore,
the inclusion criteria meant papers were peer-reviewed papers
written in the English language. Articles that fell outside the
scope of the study were excluded.

Validation of literature

In this study, expert input was sought from six experts in coastal
management and engineering to provide their expert opinions on
the relevance of a scoping review of this nature to global coastal

Resource availability

The data used in this manuscript have
been deposited at https://doi.org/10.5281/zenodo.10574878
and are publicly available as of the date of publication.

RESULTS

Coastal management literature and implementation
concentrated in the global north countries

The global literature production (Figure 5) is greatly skewed to
the global north. Based on the analysis, the United States domi-
nate the global coastal management literature production fol-
lowed by the UK, Australia, and the European States like
Portugal, ltaly, and Netherlands, as well as China and India.
These countries lead coastal management literature in terms of
hard, soft, hybrid, and managed realignment approaches. They
also trend in terms of coastal governance, research innovations,
and subclassification of coastal infrastructure categories. For
instance, managed realignment has been used extensively to
accommodate salt marshes in the UK®® and beach nourishment
has been used extensively to improve the stability of the Portu-
guese coastline.*®°’

The dominant gray infrastructure was seawalls, breakwaters,
and groynes. The major green infrastructure is mangroves, salt
marshes, and coral reefs. The major hybrid infrastructure is living
shorelines, groynes with nourishment, and vegetated revet-
ments and rock sills. Several studies have been conducted to re-
view NbS, particularly those that appraised the effectiveness of
NbS at different spatial scales. For instance, the performance
of NbS for coastal protection in shallow, biogenic ecosystems®®
and local perceptions of their effectiveness.*®
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Articles that are based on monitoring of coastal defenses
mostly originated from the United States (n = 88), UK (n = 80),
Australia (n = 38), Netherlands (n = 26), and Italy (n = 27). Despite
this presentation, it should be noted that, while some regions
have coastal defenses installed, this information has not been
published through peer review processes. In West Africa, for
instance, while sea defenses were installed, the information on
coastal protection structure has not been published in research
journals. In most cases (Figure 3), the information is mostly avail-
able in reports that are not published in peer-reviewed journals.
Figure 4 represents hard coastal infrastructures protections from
OSM, such as groynes, dykes as well as breakwaters along the
coastlines of the globe. The results of total structures (Figure 4)
reveal that most of the defense structures are located in Western
Europe (France ~1,048; Italy~1,055; Netherlands~3,319;
UK~3,576, and Germany~4,157) east Asia (Japan~3,047 and
the Philippines ~1,117), and US of America (4,679). Our assess-
ment reveals that many countries do not have their coastal
protection structures on the map that creates a research gap
in getting this information. Among the various defenses, groynes
are predominantly used.

The results of this study indicate that the most popular
coastal protection structures used globally for erosion adapta-
tion purposes are the groynes, sea walls/dykes and breakwa-
ters/jetties. The top 5 countries with the highest number of
dyke structures include North Korea (200), India (356), Germany
(661), USA (821), and the Philippines (1,031). Dykes/sea walls
are found in over 52 countries. The global south has the lowest
structures while Europe and North America have the highest
quantities of infrastructure. The distribution of groynes by coun-
try on the other hand reveals the dominance of these structures
in Europe compared to the rest of the world. Over 60 countries
use this type of structure for coastal protection and the top six
countries include Italy (with 579), Denmark (622), France (769),
USA (1,452), UK (3,027), Netherlands (3,084), and Germany
(8,201 groyne structures). Breakwaters or jetties by country
are the most widely used adaptation strategy within over 93
countries. The six highest countries include Norway (323), UK
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Figure 4. Journal-wise classification of
literature

(408), Italy (411), China (442), USA
(2,406), and Japan (2,843 breakwater
structures). The global locations of
coastal infrastructure are also clearly
illustrated by location (Figure 6), and by
country index (Figure 7).

#

ali Shifting from hard to soft solutions
Figure 8 illustrates the year-wise distribu-
tion of literature from 1970 to 2023. The
analysis of the findings from the literature
reveals fewer publications on coastal
erosion management in the period from
the 1970s-1980s. However, there was a
gradual increase between 1980 and
1990. Subsequently, there was a surge in global literature pro-
duction beginning in 2000.

Table 1 shows all coastal erosion management approaches
that were categorized into 10-year epochs from 1970. The
research findings were categorized according to Malekpour
et al.°° based on the engineering types, coastal protection infra-
structure types and dominant strategy used. It is noticed that
hard engineering was the exclusive strategy between 1970 and
1999 though at some point some soft engineering was also used.

Global trends in coastal erosion management approaches
(Figure 9) indicate decline of hard engineering solutions that
had historically dominated coastal protection. After the 70s,
the global focus changed sharply from hard engineering (gray
infrastructure) toward soft engineering and hybrid (integrated
and nature-based) engineering.'

The trend of used types of infrastructure (Figure 9) is mainly
influenced by the implementation in the United States, UK, and
Australia. Trends in developing countries follow a similar trend,
albeit, at a slow pace. It should therefore be clarified that transi-
tions from hard to soft engineering approaches may have
evolved differently in different other regions, both for the imple-
mentation of hard and soft engineering. This is true for devel-
oping countries where technology, knowledge, and expertise
for dredging and beach nourishment were hindered by factors
such as the non-availability of expert engineers and the cost
and unavailability of dredgers. For instance, most beach nourish-
ment projects in West Africa were discontinued due to the high
capital costs of periodic beach replenishment.® Similarly,
whereas hard engineering in developed nations peaked in the
early and mid-20™ Century, coastal gray infrastructure in Ghana
(and West Africa) peaked between 2000 and 2020. This period
saw the implementation of major seawalls, groynes, and
revetments.

Before 1950, coastal erosion management had prevailed for
many centuries. The dawn of the 20th century saw many govern-
ments invest heavily in large-scale erosion and flood control pro-
jects, including dams, levees, and dykes to protect coastal and
riverine areas. Scholarly findings reveal that coastal interventions
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Figure 5. Global distribution of coastal erosion management literature

were hastily and politically implemented, with little knowledge of
the environmental and socioeconomic implications.?*® In most
cases, the emplacement of coastal armoring on an eroding
shoreline increased erosion on adjacent beaches. Nevertheless,
the lack of data to prove the existence of active erosion, e.g., in
front of seawalls arguably contributed to ignorance.?#%:9%:94
Following the first nourishment project in the US in 1922,%
beach nourishment projects mushroomed in the US between
1922 and 1952, albeit without proper planning and design.*®
However, post-1952, beach nourishment design in the US and
Europe significantly improved and evolved into a highly tech-
nical, scientific, and engineering discipline (Davison et al.,
1992%). Pinto et al.°® provided an overview of beach nourish-
ment in Portugal from 1950 to 2017 with the objectives of mitiga-
tion of erosion and increasing coastline stability, mostly using
sediment derived from dredging operations. In their research,
the authors also highlight a major shift from hard to soft protec-
tion aimed at enhancing regional sediment management. How-
ever, the poor performance of beach nourishments between
the 1950s and 1970 was attributed to the borrowing of beach
material from adjacent surrounding bays and lagoons, which
naturally contained large percentages of fine-grained material.
However, after the 1970s, beach nourishment projects mostly
relied on offshore borrow sites that had comparable grain sizes
while also being less invasive to marine ecosystems.®® In this
study, analysis was also carried out cognizant that, beach nour-

ishments are periodic and therefore bound by time and country
(e.g., Alves et al.® and Pinto et al.*®). Alves et al.® point out that
most beach nourishments in Gambia and Nigeria were discon-
tinued over time due to the high costs of periodic beach
nourishments.

The mid-20th century (1950-2000) saw a transition from hard
to soft approaches as governments grew more conscious of
the drawbacks of coastal armoring. Beach nourishment super-
seded hard engineering approaches and the “Sand Engine” in
Netherlands represents the epitome of the paradigm shift in
coastal erosion (and coastal flooding) management.'*° Seawalls
designed during the Victorian era were modified to include step-
ped seawalls. Similarly, groynes were modified with T, Y and L
shapes.” Between 1970 and 1992, coastal administrations
were more aware of the underlying causes of coastal erosion
and avoided using hard engineering.*®

Between 1980 and 1989, Kraus®* found that fewer scientific
works focused on the effect of seawalls on beaches. The funda-
mental questions during this period quizzed the installation of
seawalls on beaches® or the coexistence of seawalls and
beaches.?® Pilkey and Wright? studied the dry beach width be-
tween stabilized and un-stabilized beaches and observed that
the dry beach width in front of seawalls gradually became nar-
rower in comparison to unprotected beaches.’ It was estab-
lished that in the absence of beach replenishment, shorelines
protected by seawalls had greater levels of beach erosion,
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Figure 6. Global locations of hard-engineered coastal management strategies from OpenStreetMaps

resulting in worse beach quality.”** By the late 1980s, the US
was the leader in beach nourishment, with approximately 155
beaches nourished across different States. During this period,
many developing nations (the Soviet Union, Namibia, South Af-
rica, Brazil, Singapore, and Nigeria) approved and implemented
beach nourishment projects.*®

In the last decade of the twentieth century, beach nourishment
continued to dominate coastal protection. Dune systems and
beach nourishment dominated coastal erosion and flood protec-
tion in Netherlands.'®~'? When deciding on the sort of coastal de-
fenses, more care was taken, taking into account factors such as
cost and benefits, environmental impacts, and expected perfor-
mance.”>? For instance, general conclusions of the comparisons
of seaward coastal protection strategies against beach nourish-
ment and other approaches in Netherlands indicate that (1)
beach nourishment can be implemented virtually everywhere,
providing an opportunity to spread the costs; (2) repeated nour-
ishment can be at least as economical as seaward structures,
and (3) it is virtually the only structural solution to compensate
for the sand deficiency along the coast.?® On the other hand,
despite the advantage of providing long-term protection, hard
structural protection disturbed coastal processes and caused
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sediment transport disturbances and starvation to downstream
beaches.®® Despite this, nourished beaches (1) typically erode
much faster, about 1.5-12 times faster than natural beaches
and (2) compared to natural beaches, they typically do not
recover from storm events.*®

The 21st century witnessed a fundamental transition from
reactive to proactive approaches. Coastal protection strategies
increasingly focus on building resilient infrastructure that can
adapt to changing environmental conditions using nature and
NbS. Evidently, many governments have come to understand
and commit to contributing to the global drive toward climate
adaptation through green infrastructure and NbS. Stive et al.®®
highlighted the sand engine as an innovative soft engineering
intervention to address coastal flooding in Netherlands, empha-
sizing the need for a paradigm shift from working against nature
to working with nature. According to preliminary model results,
massive beach nourishment contributed to the widening of the
beach along an 8 km stretch of the coastline and a net beach
gain of 200 ha over 20 years. Nevertheless, working with nature
has many challenges that necessitate adaptive modifications to
adapt to a dynamically changing coastal environment.?*"® In
addition, green infrastructures existence is variable based on
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Figure 7. Distribution of total coastal defense infrastructures by country

geography and environmental conditions such as climate,
oceanographic conditions (salinity, tidal ranges), nutrient levels,
and temperature. For instance, there are more mangroves along
the South Atlantic coasts in West and South Africa than along the
European Atlantic coasts. This picture also applies to other eco-
systems like coral reefs and salt marshes.

From 2010 to 2023, there was an unprecedented drive toward
nature and NbS. From a total of 59 NbS case studies associated
with flooding, erosion and biodiversity loss,”> NbS implementa-
tion since the 1990s rapidly increased between 2005 and 2015.
Most of the case studies are hybrid solutions employing wet-
lands, predominantly located in the UK and Netherlands. By
combining natural infrastructure with hard solutions—e.g., man-
groves or saltmarshes with rock sills'”— hybrid infrastructure
minimizes the setbacks perceived when natural habitats are
used alone. Many articles have been published that investigate
the potential benefits of natural capital (tidal marshes, beaches
and barrier islands, biogenic reefs, and mangroves) for climate
change adaptation (e.g., Powell et al.,"® Safford et al.,>” Narayan
et al.,”® and Spalding et al.”’). Great emphasis was placed on
green infrastructure, hybrid (nature-based) solutions, and
managed retreat strategies. In the United States, for instance,
the President’s Climate Action Plan underscored the importance
of climate-resilient infrastructure®® and proposed the preserva-

tion of forests and wetlands and alternative fuels to reduce
CO, emissions.

Many other scholarly articles focused on the effectiveness of
green versus gray infrastructure,”'*%9671%9 or investigating the
potentials of investments in nature and nature-based infrastruc-
ture, but also communicating its ability to improve coastal resil-
ience. 52990191 There has also been increasing support for living
shorelines—a hybrid infrastructure type that offers multiple lines
of defense and improves coastal resilience,””'%%'%® as well as
climate mitigation benefits through blue carbon.”>'% Living
Shorelines Protection Act has also achieved significant policy
support in many States in the United States like Maryland, Vir-
ginia, North Carolina, New Jersey, New York, Connecticut,
Rhode Island, and Mississippi.'” Assessment of the nature-
based coastal defense strategy for Australia indicates that in
addition to effective coastal protection, hybrid infrastructure
also provides several co-benefits that contribute to national
biodiversity, water quality and climate mitigation.*®

In this period, there is a determined global pressure for innova-
tive coastal erosion management strategies that use nature and
NbS to respond to the intensification of coastal hazards and
climate-induced coastal change persistence.'®'%* As a result,
there has been more substantial investigation of the effective-
ness of nature-based coastal protection for both erosion
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protection and ecosystem benefits.'®® Therefore, holistic plan-
ning and adaptive coastal management approaches (that
consider coastal erosion, land use, infrastructure, community
well-being and resilience) are increasingly prioritized. In this re-
gard, NbS and ecosystem-based adaptation through co-design
and co-management approaches using mangroves and other
natural infrastructure have become central to both coastal resil-
ience and climate change mitigation endeavors.

In addition, there is a global consensus to support coastal
adaptation approaches that integrate and include all stake-
holders. Consequently, several studies have been conducted
to better understand the perceptions, challenges, and lessons
learned while employing NbS and cultural preservation. Simi-
larly, other studies (e.g., Mallette et al.®°) investigated knowledge
gaps to further understand factors for the acceptance of NbS.
Unlike in the 70s and 80s when coastal protection was mainly
hard-engineering-centric, coastal managers and regulators are
now informed of the environmental and socio-economic impacts
of hard engineering and the urgent need for NbS and ecological
engineering.

Challenges in managing coastal erosion in an
unprecedented changing climate

Climate change is one of the biggest challenges already
happening in our times. Temperatures are rising, drought and
wildfires are happening too frequently, rainfall patterns are shift-
ing, glaciers and snow are melting, and the global mean sea level
is rising. Coastal defense structures are proliferating and
becoming dominant coastal features, particularly in urbanized
areas and these challenges of climate change will have devas-
tating effects on such structures. Already, existing solutions
were implemented with limited knowledge of climate change,
which means that all those interventions must either be redone
or are at risk of being destroyed, but this varies for different re-
gions. Static engineering solutions would not be able to over-
come rising sea levels. For effective coastal management,
climate change must therefore be addressed urgently.

Even though coastal erosion challenges are interconnected,
the study highlights the major challenges identified when con-
structing a structure for the protection of a beach against coastal
erosion globally (Table 2). The challenges in the construction of
sea defenses, NbS or hybrid solutions are contingent on various
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Figure 8. Year-wise trend of scholarly arti-
cles on coastal protection

factors such as finance, maintenance,
technological gaps, and land use land
cover issues.
=a=Documents
Summary of key lessons learned
from the synthesis of global
literature
Many lessons have been reported from
coastal erosion management efforts
across the globe in the past half-century.
Stakeholder inclusion and participation
are pivotal to coastal management and good governance. The
knowledge and experiences gained provide the basis for the
revision of policies, technological innovations and transforma-
tions in the way people perceive coastal erosion and its
management.

Pope® summarized 10 lessons that are important to coastal
managers and regulators. These lessons were added to others
here in a universal agreement that (1) there is no such thing as
“permanent” shore protection, (2) no one type of shore protec-
tion is best for all locations, (3) no shore protection approach
will work equally well in all conditions, (4) there is no such thing
as “low cost” shore protection, (5) there are approaches that
can protect a project area for an effective economic life, (6) there
are engineering practices that can work with coastal processes
predictably, (7) there are areas where the degree of human inter-
vention precludes doing nothing, (8) there are areas where hard
structures are appropriate, (9) there are areas where soft struc-
tures are appropriate, and (10) there are areas where no shore
protection should be undertaken. In this study, the lessons
learned were further synthesized through the lenses of scholarly
articles from 1970 through 2023. Throughout the analysis, it was
observed that balancing coastal erosion management interven-
tions and the potential negative environmental and socioeco-
nomic impacts from coastal defenses remains a global challenge.

Although many coastal armoring structures may provide
some protection, they have shown substantial negative im-
pacts on adjacent beaches and dune systems.®?® Coastal
projects need constant monitoring by implementing bodies,
executing agencies, and project governance bodies. Projects
also need rigorous monitoring and evaluation throughout the
life span and are accompanied by adaptive management
and modifications when issues arise. The capacity of the im-
plementing partner should also be assessed from project
inception/design onward. Governance structures and respon-
sibilities within a project need to be clearly laid out from the
very beginning of a project, this will reduce political interfer-
ence. The heavy reliance of governments on consultancies
to generate solutions is detrimental to institutional capacity
building and ownership of a project and performance. Several
problems are realized at armored beaches, namely (1) eroding
beaches might limit public access to the beach, e.g., if the
beach is narrowed to only a wet sand beach that cannot be
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Table 1. Historical analysis of coastal erosion management approaches from 1970 to 2023

Epoch Dominant management strategies Literature Engineering Infrastructure types
1970-1979 Reactive, Mitchell and Ritchie®'-%? Hard and soft Seawalls, breakwaters,
protect strategies groynes, jetties
1980-1989 Reactive, Pilkey; Terchunian; Hard and Soft Seawalls, breakwater,
protect, managed Smith; Kraus; Marios; groynes, jetties. Beach
retreat strategies. Waite; Finnell and preservation and
Hudson?®?%:63-68 nourishment
1990-1999 Proactive, protect, managed Davison et al.; de Ruig; Hard and Soft Seawalls, breakwaters,
retreat, accommodation strategies. Mclnnes; Leafe; Turner; groynes
Verhagen; Kosterf; Jensen
and Simeonova'?#:697°
2000-2009 Proactive, protect, managed Tol et al.; Klein et al.; Only soft
retreat, accommodation strategies. Cooper and Pilkey; Cooper;
Basco; Kraus; Campbell
and Benedet; Campbell;
Peterson; Galloway; Mai;
McKenna et al.; Feagin et al.;
DOOdy' French7,8,24,39,40,45,46,76—81
2010-2019 Proactive, protect, managed Powell et al.; Sutton-Grier et al.; Soft and hybrid Seawalls, breakwaters,
retreat, accommodation strategies. Sutton-Grier et al.Rangel-Buitrago; groynes
Brayshaw and Lemckert; Cooper
and Pilkey; Smith et al.Stive et al.;
Leatherman; Jackson; Linham and
Nichollsﬂ 5-17,25-28,36,82-84
2020-2023 Proactive, protect, managed Houston; Lubchenco and Haugan; Soft and hybrid

retreat, accommodation strategies.

Frohlich et al.; Jebakumar et al.;
Tu et al. ; Singhvi et al.; Tiggeloven;

Tubridy et al.®>~%?

used by the public; (2) higher erosion rates and low-lying
beaches contribute to increased coastal flooding and erosion
vulnerability®®; and (3) the unprotected areas adjacent to
coastal armoring will continue to erode at rates higher than
historic rates.?® Therefore, the implementation of hard struc-
tures should be void of bias, a judgment that requires suffi-
cient data and knowledge of physical processes, including
erosion rates, littoral transport, bathymetry, and particle
size, among other parameters.”®

DISCUSSION

Mediations for coastal erosion
Coastal protection has a long and evolving history that spans
centuries and has been shaped by various factors, including hu-
man settlement patterns, technological advancements, and
environmental changes. This study reviewed the global history
of coastal protection, with a focus on key developments, mile-
stones, challenges, and lessons learned. Through these lenses,
main studies in the past half-century®?***:5* provided evidence
of the environmental impacts of coastal hardening and the need
to preserve natural beaches. Accordingly, modern trends in
coastal management encourage adaptive management, and
natural beach evolution through approaches like managed
realignment and no active interventions.

The challenges and lessons learned in global coastal erosion
implementation reveal significant knowledge gaps and inconsis-

tencies globally. Coastal protection efforts in the early 19" and
20" centuries were plagued by ill-informed defense implementa-
tion that created several obstacles. Erosion control measures
are central public issues because beach control approaches
(structural or non-structural) could result in negative impacts
on the environment. Following these lessons, 21st-century
coastal management has transitioned toward adaptive manage-
ment centered on preserving the ecological functions of ecosys-
tems. Nevertheless, hard engineering remains a foundation of
coastal protection globally despite the growth of novel coastal
protection technologies.! Beach dewatering, for example, has
had ambiguous results in numerous areas like Sweden,
Denmark, the UK, and France.'

Valuable lessons are learned both from successful and failed
coastal erosion management throughout the history of coastal
erosion management. First, the challenges of coastal erosion
are numerous and interconnected. Second, there is no one solu-
tion or adaptation option, but many categories range from hard,
soft, and integrated solutions. Based on the various lessons
learned in this study, it was established that addressing coastal
erosion requires comprehensive and multidisciplinary ap-
proaches, as well as the engagement of government agencies,
scientists, coastal communities, and other stakeholders.

Developed countries dominate the literature production and
the development of solutions to address coastal erosion. Based
on the results, the UK, the United States, and Australia dominate
scholarly literature across all scales, from hard engineering, soft
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Figure 9. Global trends in erosion management approaches be-
tween 1960 and 2023 based on identified literature

engineering, and hybrid engineering with nature and nature-
based features for managing coastal erosion (and flooding).
Given this, it may be argued that countries that are most affected
by coastal erosion (e.g., progressive erosion, perennial storms,
landslides, and cliff recessions) and extreme storm and tidal
events also dominate global literature production. This is also
true when analyzing the subcategories of “challenges,” “solu-
tions,” and “lessons learnt.” Soft approaches like dredging
and beach nourishment have transformed coastal protection;
yet, these measures are technologically demanding and
costly.>*=*® |In addition, they have a significant impact on beach
ecosystems. Studies have indicated that the dredging of sedi-
ment to the bedrock may imply that marine ecosystems may
never recover, putting ecosystems at risk of extinction.
Throughout the literature, there is increasing recognition of the
importance of green infrastructure and NbS and their accep-
tance as the sustainable option to complement hard-engineered
solutions.'®19:48:49.96.105 Erom 2010 to 2023, scholarly articles on
hybrid infrastructure and NbS have taken center stage in ecolog-
ical engineering. Over the years, knowledge and confidence in
natural infrastructure have improved. For instance, Ng et al.'®
(2015) established that the ecological value of hard structures
(seawalls) can be enhanced by transplanting nursery-reared
reef biota onto intertidal seawalls to improve their ecological
properties. Other studies established the synergies among
different NbS, such as salt marshes and dunes or marshes and
mangroves to mitigate coastal hazards.''”""" Altogether, these
lessons underscore the need for a flexible, integrated, and adap-
tive approach to coastal erosion management. Entirely, this
means the consideration of the complexities of natural systems
and land-sea interactions with human activities. These valuable
lessons can guide future coastal erosion management strategies
and, ultimately, the achievement of sustainable coastal futures.

Data limitations, knowledge gaps, and threats
Despite the approaches that were used in this paper to gather
information, there is no effective coverage of the length of
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coastline that has been protected with hard structures, soft
structures, or hybrid methods because many interventions are
not published. For instance, OSM was used to collate the exact
locations where hard coastal protections have been imple-
mented. However, OSM data are provided by individual volun-
teers. Our review identified that in developing nations, OSM is
poorly sourced. For instance, Charuka et al.''® show many
groynes and revetments are implemented in Ghana but only a
few were captured by OSM. This work therefore exposes the
limitations of OSM in underdeveloped locations and opens op-
portunities for many nations to make use of OSM to provide in-
formation on coastal management solutions in their localities.
This current paper demonstrates that there has not been a sin-
gle fit-for-all coastal management solution. Besides, climate
change has become the biggest threat to all coastal manage-
ment types. Static hard engineering solutions will have chal-
lenges to function properly against dynamic sea level rise due
to climate change.

Need for sustainable coastal area management
Sustainability and innovation in coastal protection have also
increased over the past few decades. Coastal management en-
tails managing the coastline while keeping the environmental
and socioeconomic factors in mind. While sustainability is rigor-
ously emphasized for future coastal engineering approaches,
Cooper et al.? in their analysis of SMPs in the UK argue that
sustainability needs to be clearly defined, but varies greatly
with geography. Throughout the literature, there is a universal
consensus that the coastline is dynamic, and acknowledgment
that coastal erosion is a natural part of this evolution. In this re-
gard, many scholarly articles agree that attempting to interfere
with the natural processes through the installation of seawalls
has detrimental implications.’>33:3%:64113 French®' emphasized
that the coastlines cannot be held to a position indefinitely, point-
ing to the need to be flexible when choosing coastal protection
options, including managed retreat.®’

Over the past few decades, there has been an increasing
emphasis on sustainable coastal protection practices that seek
to balance human needs with ecological preservation. This in-
cludes integrated coastal zone management and the develop-
ment of resilient, hybrid infrastructure that integrates green and
gray infrastructure. Cooper and McKenna®* highlight that the
challenge for coastal protection is to balance coastal planning
and engineering perspectives with human-centered ecosystem
perspectives. Precisely, coastal protection must strive to protect
coastal ecosystems rather than just properties, highlighting the
need for a paradigm shift toward solutions that promote natural
processes as much as possible.

History is temporal and bound to specific geographies; hence,
there are geographic similarities as much as differences in global
implementation. The paradigm shifts in policies and infrastruc-
ture typologies are explained in different geographic contexts.
Many lessons have been learnt from geographic successes
and failures. This highlights the need to have policies in place
to govern the development of coastal protection strategies.
Monitoring physical and numerical modeling of coastal pro-
cesses have enhanced further understanding of coastal pro-
cesses in the vicinity of coastal structures.’®
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Table 2. Coastal erosion management complexities identified in the literature

Challenge Description Sources

Bolle et al.; Stive et al.; and Davison
et al 34,36,38

Financial challenges Managing coastal erosion involves very
complex and capital-intensive strategies,
from seawalls, beach recharge, groynes,
and managed retreats. Insufficient funds
prohibit the construction of desired

structures.

Adaptations by hard-engineered coastal
defenses induced coastal erosion migration
to adjacent beaches. Increased erosion at
the site due to scour, eventually led to the
deterioration and destruction of
implemented hard structures.

Pilkey and Wright; Terchunian; Rangel-

Buitrago et al.and Angnuureng
et a|.2,23,25,106

Erosion migration to adjacent beaches

Williams et al.; Tol et al. and Klein et al.”»"®

Solutions like beach nourishment require
periodic top-ups that eventually become
expensive. The same applies to gray
structures like seawalls and breakwaters
that require regular inspection and repair to
maintain their integrity, especially in high
wave energy and stormy areas

High maintenance cost in the long run

Tol et al. and Klein et al.”®

The sheer difference in the country’s level of
technological development restrictions
inhibits the application of certain

technological options.

Technological gaps

Lack of skilled human capital In developing countries, there is a shortage Alves et al. and Klein et al.®®
of skilled expertise in coastal engineering.

Habitat destruction and impact on 2,33,64

biodiversity

Establishing coastal protection in any form
destroys important coastal habitats such as
salt marshes, mangroves, nesting grounds
and dunes that are vital for various species.
Environmental impact assessment should

Pilkey and Wright; Weggel and Kraus

therefore be considered a priori to any

intervention.
Conflicting objectives in decision-making

In some cases, political decision-making to
armor beaches without accurate and

Chapman and Blockley; Bulleri and
Chapmanw?,ms

reliable data on coastal processes

Coastal protection in the context of the Middle East,
south east Asia, and Africa

Several challenges and lessons can be identified that are
unique to the regions of the Middle East and Africa that reflect
the complexity,''* and diverse environmental, socioeconomic,
and geopolitical contexts of these regions. Over the past cen-
tury, coastal areas in these regions experienced rapid coastal
urbanization and development leading to increased pressure
on coastal ecosystems and heightened vulnerability to erosion.
For example, coastal cities like Dubai and Abu Dhabi in the
United Arab Emirates, and Lagos in Nigeria, are expanding
rapidly,’'> "¢ often at the expense of natural coastal ecosys-
tems such as mangroves and coastal dunes that provide natu-
ral coastal protection. In addition, these regions are highly sus-
ceptible to the impacts of climate change, including sea-level
rise, increased storm intensity, and changing precipitation
patterns. These factors exacerbate coastal erosion and neces-
sitate adaptive coastal protection strategies. Furthermore,
countries in the Middle East and Africa have limited financial re-
sources, inadequate infrastructure, and insufficient institutional

capacity constraints making it difficult to implement large-scale
coastal protection projects and maintain existing defenses
effectively. Overall, addressing coastal erosion in the Middle
East and Africa requires a multifaceted approach that commu-
nity engagement, integrating NbS, and international coopera-
tion for capacity building and technology transfer. By learning
from past experiences and implementing innovative strategies,
countries in these regions can enhance coastal resilience and
mitigate the impacts of erosion on communities and
ecosystems.

CONCLUSION

Coastal protection history is filled with human inventions in
response to coastal erosion in the face of changing environ-
mental conditions and population growth. The coastal protection
system has evolved from simple ancient structures to complex,
integrated systems that address multiple challenges, including
sea-level rise and associated hazards. Numerous challenges
have been encountered and lessons learnt in the effort to
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accomplish coastal protection. In this study, the challenges, so-
lutions, and lessons learnt from the global implementation of
hard-engineered coastal protection such as seawalls to soft pro-
tection measures like beach nourishment have been estab-
lished. The analysis cut across the spectrum of hard, soft, hybrid
engineering, and managed realignment approaches. By under-
standing the challenges and lessons learned from both success-
ful and failed strategies in history, coastal managers, regulators,
researchers, and practitioners can enhance their understanding
of the complexities surrounding coastal erosion and colla-
boratively develop sustainable solutions adapted to their
geographical contexts to achieve sustainable coastal protection.
This is very necessary considering the increasing sea-level rise
and human appetite for coastal development.

Comparatively, coastal infrastructure is dominant in the Global
North than South. In addition, the pitfalls of hard-engineered
coastal infrastructure have contributed to the significant decline
in their implementation over the years while soft engineering and
NDbS are on the rise. Nonetheless, unprecedented rapidly chang-
ing climate seems to undermine the efforts of both hard and soft
engineering that necessitates dynamic solutions that are sensi-
tive to climate change.
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