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ABSTRACT

Mangroves are increasingly recognised as important nature-based systems for reducing coastal flood risk, yet
research on their hydrodynamic performance remains dispersed across coastal engineering, eco-hydrology, restora-
tion science, and environmental management. This study synthesises recent advances in mangrove-mediated coastal
protection through a systematic review and bibliometric analysis of literature retrieved from the Scopus database.
The search identified 404 publications published between 2021 and 2026, of which 185 articles met the inclu-
sion criteria after screening and eligibility assessment. Publication output increased from 23 papers in 2021 to
58 papers in 2025, reflecting growing scientific interest in nature-based coastal adaptation and resilience. Five
major research themes were identified: wave attenuation and hydrodynamic resistance, flood-depth reduction and
storm-surge moderation, vegetation representation in numerical models, restoration and hybrid coastal protection
strategies, and climate-related stressors affecting long-term ecosystem performance. The reviewed studies consis-
tently demonstrated that mangrove ecosystems reduce wave energy, current velocity, and flood impacts, although
protection effectiveness varies according to forest width, vegetation density, species composition, hydrodynamic
conditions, and coastal morphology. Recent advances in LiDAR, remote sensing, terrestrial laser scanning, and

coupled hydro-morphodynamic modelling have improved representation of vegetation-flow interactions within
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numerical simulations. Despite these developments, important challenges remain regarding vegetation flexibility,

damage thresholds under extreme events, model validation, uncertainty assessment, and transferability across dif-

ferent coastal settings. The findings highlight the importance of viewing mangroves as dynamic coastal protection

systems shaped by interacting ecological, geomorphological, and hydrodynamic processes. Future research should

prioritise long-term monitoring, uncertainty analysis, and hybrid protection strategies that integrate ecosystem-

based and engineered coastal infrastructure.

Keywords: Mangroves; Coastal Flooding; Hydrodynamic Modelling; Wave Attenuation; Nature-Based Solutions;

Coastal Resilience; Bibliometric Analysis; Restoration

1. Introduction

Coastal flooding has become an increasingly crit-
ical global issue as sea-level rise, storm surges, ex-
treme wave events, and rapid coastal development con-
tinue to intensify simultaneously. Recent global assess-
ments indicate that economic losses associated with
coastal flooding are expected to increase substantially
throughout the twenty-first century if existing protec-

tion strategies remain unchanged ™ 2!,

In response to
these growing risks, attention has increasingly shifted
toward ecosystem-based and nature-based coastal de-
fence approaches, particularly in regions where conven-
tional hard infrastructure is economically expensive, en-
vironmentally disruptive, or socially difficult to imple-
ment[3-5],

Among the available nature-based solutions, man-
grove ecosystems have received considerable attention
because of their ability to reduce wave energy, modify
hydrodynamic flow, trap sediments, stabilize shorelines,
sequester carbon, and support fisheries and coastal
livelihoods (691,

However, recent studies suggest that the effective-
ness of mangroves as coastal protection systems de-
pends on multiple interacting factors rather than sim-
ply the presence of vegetation alone. Forest width, veg-
etation density, root and canopy structure are among
the key determinants influencing wave attenuation and

10-14] 1p addition, tidal conditions, sub-

flood reduction!
strate characteristics, channel configuration, local topog-
raphy, and the type of coastal hazard further influence
the level of coastal protection provided by mangrove
forests[15-171,

Beyond their hydrodynamic functions, mangrove

ecosystems are increasingly being studied within
broader environmental management and sustainabil-
ity contexts. Recent reviews on mangrove ecosystem
management in Indonesia, for example, highlight the
need to integrate ecological, socioeconomic, and gover-
nance considerations into coastal management strate-
gies!18l, Other studies have emphasized the multifunc-
tional role of mangroves in environmental protection,
including their contribution to phytoremediation and

191, These devel-

coastal water quality improvement
opments demonstrate that mangrove-mediated coastal
protection should not be examined solely from an en-
gineering perspective, but rather as part of a broader
socio-ecological coastal system.

Investigating the interaction between mangrove
ecosystems and coastal hydrodynamics requires inte-
grated analytical approaches that combine ecological
observations, field measurements, and numerical mod-
elling techniques. Hydrodynamic models are now
widely used to simulate wave propagation, water cir-
culation, inundation processes, and sediment trans-
port under different environmental and climate condi-
tions. Recent studies have applied one-dimensional,
two-dimensional, and coupled hydro-morphodynamic
models to evaluate how mangrove vegetation influences
coastal flooding and wave attenuation processes. At the
same time, advances in remote sensing, Light Detection
and Ranging (LiDAR), and terrestrial laser scanning tech-
nologies have significantly improved the representation
of vegetation structure within numerical simulations, al-
lowing more realistic modelling of vegetation-flow inter-
actions.

Although research on mangrove-based coastal pro-
tection has expanded rapidly in recent years, the litera-
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ture remains fragmented across several disciplines, in-
cluding coastal engineering, hydrology, marine ecology,
and environmental management. Many studies focus
on site-specific applications or individual case studies,
while comparatively fewer studies provide a comprehen-
sive synthesis of recent advances in hydrodynamic mod-
elling and mangrove-mediated flood protection mecha-
nisms!®). Consequently, important knowledge gaps re-
main regarding modelling approaches, vegetation pa-
rameterization, uncertainty assessment, restoration ef-
fectiveness, and long-term resilience under changing cli-
mate conditions.

The studies presented in Table 1 demonstrate that
previous publications have made important contribu-
tions to understanding mangrove ecosystem manage-
ment, nature-based coastal protection, and flood-risk

focused on ecological management, specific protection
functions, or individual hazard scenarios. Compara-
tively limited attention has been given to synthesizing
recent advances in hydrodynamic modelling, vegetation-
flow interactions, modelling frameworks, uncertainty
considerations, and emerging research trends within
a single review. Furthermore, previous studies have
rarely combined systematic review procedures with bib-
liometric analysis to examine how research themes, col-
laboration patterns, and modelling approaches have
evolved over time. The present review addresses these
limitations by integrating bibliometric mapping with
a PRISMA-based systematic review to provide a com-
prehensive synthesis of hydrodynamic modelling ap-
plications, flood-protection mechanisms, research de-
velopments, and future research priorities related to

reduction. However, existing reviews have generally mangrove-mediated coastal protection.
Table 1. Comparison of existing literature and the present review.
Reference Primary Focus Key Contribution Limitations Relevant to the Present

Study

Kurniawansyah
etal. (2023) 118l

van Hespen et al.

(2023)114
Shokatian-
Beiragh et al.
(2024)115]
Hu etal.
(2025) 116l

Present Review

Mangrove ecosystem
management

Mangroves as nature-based
solutions for coastal flood
protection

Effectiveness of mangroves
under extreme weather
events

Nature-based coastal
protection under extreme
waves

Hydrodynamic modelling of
mangrove-mediated coastal
flood protection

Discussed ecological management,
governance, and sustainability issues
affecting mangrove ecosystems
Examined ecological and biophysical
considerations influencing coastal
protection performance

Evaluated mangrove performance during
flood-related hazards

Advanced understanding of mangrove
protection under severe hydrodynamic
conditions

Integrates systematic review,
bibliometric analysis, thematic synthesis,
modelling approaches, research trends,
and future research priorities

Limited discussion of hydrodynamic
modelling, flood attenuation mechanisms,
and numerical simulation approaches
Did not provide a systematic synthesis of
modelling approaches, bibliometric
trends, or research evolution

Focused on protection effectiveness
rather than broader research
development, modelling frameworks, and
emerging research directions
Concentrated on specific hydrodynamic
processes rather than providing a
comprehensive review of the field
Provides a comprehensive assessment of
recent developments and identifies
remaining knowledge gaps across
disciplines

A clearer synthesis of recent developments in

The review specifically aims to:

hydrodynamic modelling, vegetation-flow interactions,
and mangrove-based coastal protection is therefore
needed to consolidate current knowledge and identify
emerging research priorities. Combining bibliomet-
ric mapping with analytical synthesis also provides an
opportunity to evaluate how research themes, mod-
elling approaches, and interdisciplinary collaborations
have evolved in recent years. Accordingly, this review
presents a systematic review and bibliometric analy-
sis of scientific literature related to hydrodynamic mod-

elling of mangrove-mediated coastal flood protection.

Examine global research trends and collaboration
networks related to mangrove-based coastal pro-
tection;

° Identify major research themes and modelling ap-
proaches applied in mangrove hydrodynamic stud-
ies;

e  Synthesize current understanding of the hydro-
dynamic mechanisms through which mangrove
ecosystems reduce coastal flood impacts;

e  Identify key research gaps and future research
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directions for improving mangrove-based coastal
protection strategies.

Through this integrated review approach, the pa-
per contributes to a broader understanding of the role of
mangrove ecosystems in coastal flood risk reduction and
supports the development of evidence-based nature-
based solutions for climate adaptation and sustainable

coastal management.

2. Methodology

2.1. Study Design

A systematic literature review combined with bib-
liometric analysis and analytical synthesis was em-
ployed to examine recent research developments re-
lated to hydrodynamic modelling of mangrove-mediated
coastal flood protection. Systematic review approaches
allow for structured identification, evaluation, and syn-
thesis of scientific literature while minimizing poten-
tial selection bias during the review process. To en-
hance methodological transparency and reproducibility,
the review procedure was guided by the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses
(PRISMA) framework.

The overall workflow consisted of four sequential
stages. The first stage involved identifying potentially
relevant publications through database searching. The
second stage focused on preliminary screening based on
titles and abstracts to remove clearly unrelated studies.
During the third stage, full-text eligibility assessment
was conducted to confirm the relevance of each publica-
tion to mangrove ecosystems, coastal flooding processes,
and hydrodynamic or numerical modelling approaches.
The final stage involved bibliometric mapping and qual-
itative analytical synthesis of the selected studies.

2.2. Literature Search Strategy

The literature search was conducted using the Sco-
pus database on 15 March 2026. Scopus was selected
because it provides extensive coverage of peer-reviewed
journals across coastal engineering, marine science, en-
vironmental management, hydrology, and climate adap-

tation research. In addition, the database offers stan-

dardized bibliographic information that is compatible
with bibliometric software such as VOSviewer, enabling
consistent analysis of publication trends, collaboration
networks, and thematic development.

The search strategy was designed to identify stud-
ies examining the role of mangrove ecosystems in coastal
flood protection, wave attenuation, storm-surge reduc-
tion, and hydrodynamic modelling. Searches were per-
formed within article titles, abstracts, and author key-
words using the following query:

TITLE-ABS-KEY (mangrove* AND (flood* OR surge
OR inundation OR coastal protection OR wave attenu-
ation) AND (model* OR simulation OR hydrodynamic
model* OR numerical model*))

The search covered publications from January
2021 to March 2026. This period was selected to capture
the most recent developments in nature-based coastal
protection, ecosystem-based adaptation, and advances
It should be noted that

publication records for 2026 represent a partial year

in hydrodynamic modelling.

because data collection was completed during the first
quarter of 2026. Consequently, publication counts for
2026 should not be interpreted as directly comparable
to those reported for previous full calendar years.

Only peer-reviewed journal articles and review pa-
pers published in English were included in the dataset.
The decision to focus on English-language publications
was made to ensure consistency during screening and
analysis, as English remains the dominant language of
international scientific communication within coastal
and environmental research. Nevertheless, this cri-
terion may have excluded relevant studies published
in other languages and therefore represents a limita-
tion of the review. Although restricting the review to
English-language publications may have excluded some
regional studies, English remains the dominantlanguage
of international scientific communication and accounts
for the majority of publications indexed within Scopus.
Consequently, the selected dataset is considered suf-
ficiently representative for identifying global research
trends, major modelling approaches, and thematic de-
velopments in mangrove-mediated coastal flood protec-
tion. Nevertheless, future reviews may benefit from in-

corporating non-English databases and regional litera-
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ture sources to provide a more comprehensive under-
standing of local research perspectives.

2.3. Screening and Eligibility Assessment

The initial search retrieved 404 records from the
Scopus database. All bibliographic information was ex-
ported in CSV format and screened manually to deter-
mine relevance to the objectives of the review.

The screening process was conducted in two stages.
In the first stage, article titles and abstracts were exam-
ined to identify studies related to mangrove ecosystems,
coastal flooding, wave attenuation, storm-surge mitiga-
tion, and hydrodynamic or numerical modelling. Publi-
cations that were clearly unrelated to these topics were
removed.

In the second stage, the remaining articles were
subjected to a full-text eligibility assessment. Studies
were retained only when they provided direct relevance
to mangrove-mediated coastal protection and included
discussion of hydrodynamic processes, flood mitigation
mechanisms, vegetation-flow interactions, or modelling
approaches used to evaluate coastal protection perfor-
mance.

Publications were excluded when they met one or
more of the following criteria:

e  The study did not focus on mangrove ecosystems;

e  The study did not address coastal flooding, wave
attenuation, storm-surge reduction, or coastal pro-
tection processes;

e  The study did not involve hydrodynamic, numeri-
cal, or process-based modelling approaches;

e  The publication focused primarily on ecological, bi-
ological, or environmental issues without direct rel-

evance to coastal protection performance.

The screening and eligibility assessment were con-
ducted by the authors through manual review of titles,
abstracts, and full texts. Where uncertainty arose regard-
ing article relevance, the publication was re-evaluated
against the inclusion criteria before a final decision was
made. This approach helped improve consistency dur-
ing article selection and reduced the risk of excluding po-
tentially relevant studies.

In addition to thematic relevance, journal quality was

considered during the eligibility assessment. Journal quar-
tile rankings obtained from the SCImago Journal Rank
database were used as supplementary indicators of pub-
lication visibility and scientific influence. However, jour-
nal quartile alone was not used as an exclusion criterion.
Relevant studies published in Q3 and Q4 journals were re-
tained when they provided important methodological, the-
matic, or regional contributions to the review.

A formal quality-scoring framework was not ap-
plied because the review included a diverse body of liter-
ature encompassing numerical modelling studies, field
investigations, laboratory experiments, and review arti-
cles. Instead, methodological robustness, relevance to
the review objectives, and scientific contribution were
considered during article evaluation and synthesis.

Following the screening and eligibility assessment
process, 219 publications were excluded, resulting in a fi-
nal dataset of 185 articles for bibliometric analysis and
qualitative synthesis. The overall selection procedure is
illustrated in the PRISMA diagram presented in Figure 1.

2.4. Bibliometric Analysis

Bibliometric analysis was conducted to examine re-
search trends, thematic development, and the intellec-
tual structure of studies related to mangrove-mediated
coastal flood protection. This approach provides a quan-
titative overview of the scientific literature by identify-
ing collaboration patterns, dominant research themes,
and emerging areas of investigation within the field.

The analysis was performed using VOSviewer soft-
ware, which is widely used for visualizing bibliographic
and citation networks. A total of 185 selected publica-
tions were imported into the software to generate net-
work maps based on co-authorship relationships, insti-
tutional collaboration, country-level research networks,
and keyword co-occurrence patterns.

Keyword co-occurrence analysis was further ap-
plied to identify the major thematic clusters within the
literature. To improve consistency and reduce the inclu-
sion of infrequently used terms, a minimum threshold of
five keyword occurrences was adopted during the map-
ping process.

The bibliometric outputs included network visual-

ization, overlay visualization, and density visualization
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maps. Together, these visualizations provide insight

into research concentration, thematic relationships, and

the temporal evolution of scientific activity related to
mangrove-based coastal protection.

Figure 1. PRISMA diagram structure.

Source: Authors’ work.

2.5. Analytical Synthesis

In addition to bibliometric mapping, the selected
publications were examined through qualitative analyt-
ical synthesis. This approach enabled the integration
and interpretation of findings from multiple studies to
identify recurring patterns, methodological trends, and
existing knowledge gaps related to mangrove-mediated
coastal protection. Analytical synthesis is particularly
useful in interdisciplinary reviews because it allows evi-
dence from different research domains to be interpreted
within a broader conceptual context.

Based on the thematic patterns identified through
the bibliometric analysis, the literature was grouped
These included

ecosystem services provided by mangrove ecosystems,

into several major research themes.

hydrodynamic processes and wave attenuation, environ-
mental factors influencing mangrove resilience, restora-
tion and monitoring strategies, and threats affecting
mangrove ecosystems. Organizing the literature into
thematic categories allowed for clearer comparison of
findings across different study settings and modelling
approaches.

Combining bibliometric analysis with analytical
synthesis provided both quantitative and qualitative
perspectives on the current state of research. This
integrated approach offers a more comprehensive un-

derstanding of how scientific interest, methodological

development, and interdisciplinary collaboration have
evolved within the field of mangrove-mediated coastal
protection.

2.6. Conceptual Framework for Mangrove-
Mediated Coastal Flood Protection

Figure 2 illustrates the relationships among eco-
logical attributes, hydrodynamic behaviour, numerical
simulation techniques, and coastal protection perfor-
mance identified throughout the review. Character-
istics such as forest width, vegetation density, root
complexity, canopy configuration, and species compo-
sition influence the extent to which mangrove ecosys-
tems modify wave energy, water movement, sediment
dynamics, and flood propagation. Evaluation of these
interactions commonly relies on numerical tools in-
cluding Delft3D, SWAN, XBeach, HEC-RAS, and cou-
pled hydro-morphodynamic models, which enable re-
searchers to examine protective functions under dif-
ferent environmental conditions and hazard scenarios.
Evidence reported in the literature consistently indi-
cates that these ecological and physical interactions
contribute to flood-risk reduction, shoreline stabiliza-
tion, enhanced resilience, and broader climate adapta-
tion objectives. Long-term effectiveness, however, is
shaped by additional influences including sea-level rise,

land subsidence, restoration success, climatic variabil-
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ity, and governance capacity. Viewed collectively, cur-
rent knowledge suggests that coastal protection pro-
vided by mangroves emerges from a complex interplay
between ecosystem characteristics, hydrodynamic re-
sponses, environmental change, and management inter-
ventions. This synthesis provides a structured basis
for understanding the interconnected factors that deter-
mine protection performance across diverse coastal set-

tings.
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Figure 2. Conceptual framework for mangrove-mediated
coastal flood protection.
Source: Authors’ work.

3. Bibliometric Analysis Results

3.1. Publication Trends and Research

Growth

Bibliometric analysis indicates a substantial in-
crease in scientific interest in mangrove-mediated

coastal protection in recent years. The final dataset

consisted of 185 peer-reviewed publications published
between 2021 and 2026, reflecting growing research
attention toward nature-based approaches for coastal
flood mitigation and climate adaptation.

Growing publication output appears closely linked
to increasing global concern over climate change im-
pacts, particularly sea-level rise, coastal flooding, and
storm surge hazards affecting low-lying coastal regions.
Mangrove ecosystems are increasingly recognized as
natural coastal buffers capable of reducing hydrody-
namic energy while simultaneously providing important
ecological and socioeconomic benefits. This growing
recognition has encouraged stronger interdisciplinary
collaboration among researchers in coastal engineering,
environmental science, marine ecology, hydrology, and
climate adaptation.

Rapid progress in environmental monitoring tech-
nologies and numerical modelling capabilities has also
contributed to the expansion of scientific literature within
this field. Advances in high-resolution remote sensing,
LiDAR-based vegetation mapping, and hydrodynamic sim-
ulation models have enabled more detailed investigation
of mangrove ecosystem dynamics and vegetation-flow in-
teractions. Consequently, recent research has gradually
shifted from descriptive ecological assessments toward
more quantitative modelling approaches and integrated
coastal management applications.

Based on Figure 3, publication output increased
steadily throughout the study period, indicating grow-
ing scientific interest in hydrodynamic modelling of
The

screened dataset contained 23 publications in both 2021

mangrove-mediated coastal flood protection.

and 2022, followed by a moderate increase to 27 pub-
lications in 2023. Research activity expanded more
substantially in 2024 with 39 publications and reached
its highest level in 2025 with 58 publications. A to-
tal of 15 publications were identified for 2026 at the
time of data collection, which most likely reflects par-
tial database indexing rather than a decline in research
activity. This publication trend reflects increasing re-
search attention toward nature-based solutions, climate
adaptation, and coastal resilience strategies in vulnera-

ble coastal regions.
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3.2. International Research Collaboration

Country-level collaboration analysis was car-
ried out to evaluate international research partner-
ships related to mangrove-mediated coastal protection.
VOSviewer software was used to generate collaboration
networks using a minimum threshold of five publica-
tions per country. Network visualization revealed exten-
sive collaboration among several major research hubs

(Figure 4).

Figure 3. Publication trend analysis.
Source: Authors’ work (from Scopus data).

Figure 4. International collaboration network among coun-

tries in mangrove coastal protection research.
Source: Authors’ work (visualized by VOSviewer).

China emerged as the most productive country
within the dataset, contributing 46 publications, fol-
lowed by the United States with 34 publications, In-
dia with 22 publications, the United Kingdom with 21
publications, and the Netherlands with 19 publications.

These countries formed the principal nodes within the
collaboration network and demonstrated substantial sci-
entific influence in mangrove-related coastal protection
research.

Evidence from the collaboration network also in-
dicates strong interaction between European and Asian
research institutions, particularly involving the Nether-
lands, the United Kingdom, and China. Much of this
collaboration appears to be driven by interdisciplinary
research associated with coastal engineering, hydrody-
namic modelling, and ecosystem-based coastal protec-
tion strategies.

Additional contributions from countries such as
Australia, Belgium, Germany, Indonesia, and Brazil fur-
ther strengthen the international research landscape
within this field. Participation from both developed
and developing coastal nations highlights the broad
global importance of mangrove ecosystems in address-
ing coastal hazards, sea-level rise, and climate-related
flood risks.

Collectively, the collaboration patterns demon-
strate that mangrove-based coastal protection research
has evolved into a highly international and interdis-
ciplinary field characterized by active knowledge ex-
change between regions vulnerable to coastal flooding
and countries with advanced coastal engineering and en-
vironmental research capabilities.

While collaboration networks indicate increasing
interaction among researchers from different disci-
plines and regions, co-authorship patterns alone do
not necessarily demonstrate full integration of ecologi-
cal, hydrodynamic, and engineering knowledge. Conse-
quently, collaboration indicators should be interpreted
as evidence of research connectivity and knowledge ex-
change rather than direct measures of interdisciplinary
synthesis. Further integration of ecological observa-
tions, hydrodynamic modelling, and coastal manage-
ment perspectives remains necessary to strengthen un-
derstanding of mangrove-mediated coastal protection

processes.

3.3. Institutional Collaboration

Institutional collaboration analysis provides addi-

tional insight into the organizations contributing to re-
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search on mangrove hydrodynamics and coastal protec-
tion. Figure 5 illustrates the institutional co-authorship
network, showing several active collaborative relation-
ships among universities and research institutes. The
network indicates that Utrecht University occupies a cen-
tral position, acting as the primary collaborative hub

linking Deltares with the Guangdong Provincial Key Lab-
oratory of Marine Resources and Coastal Engineering
and other affiliated marine research institutions. The di-
rect links among these organizations indicate active in-
stitutional collaboration in coastal engineering, hydrody-
namics, and mangrove-based coastal resilience research.

guangdong provincial key laboratory of marine resources and coastal engineering, guangzhou, 510275,

faculty of geosciences, department of physical

g@:: VOSviewer

deltares, p.o. box 177,

graphy, utrecht university, p.o. box 80.115, utrec

Ift, 2600 mh, netherlands

Figure 5. Institutional co-authorship network among organizations involved in mangrove-based coastal protection research
generated using VOSviewer (minimum documents per organization = 2).

Source: Authors’ work (visualized by VOSviewer).

Alarge proportion of the collaborating institutions
are located in coastal regions where mangrove ecosys-
tems are widely distributed, enabling researchers to con-
duct field investigations, long-term environmental mon-
itoring, and hydrodynamic assessments. As depicted in
Figure 5, collaboration occurs primarily between uni-
versities and specialized marine and coastal research in-
stitutes, reflecting the importance of interdisciplinary
partnerships in addressing complex coastal protection
challenges. Such collaborations also support large-scale
research programmes on coastal resilience, ecosystem
restoration, and climate change adaptation.

The institutional collaboration network presented
in Figure 5 further highlights the interdisciplinary na-
ture of mangrove-based coastal protection research. Col-
laborative activities integrate expertise from coastal en-
gineering, environmental science, marine ecology, hy-
drology, and geospatial analysis. The interaction among
these disciplines facilitates a more comprehensive un-
derstanding of ecological processes and hydrodynamic
behaviour, thereby supporting the development of effec-
tive nature-based solutions for sustainable coastal pro-

tection.

3.4. Keyword Co-Occurrence Network

Keyword co-occurrence analysis was carried out to
identify the principal research themes and conceptual
structure of studies related to mangrove-based coastal
protection. Author keywords extracted from the Scopus
dataset were analysed using VOSviewer with a minimum
occurrence threshold of five keywords. Application of
this threshold produced a network of frequently occur-
ring terms representing the dominant research topics
within the field (Figure 6).

Results indicate that “mangrove” was the most fre-
quently occurring keyword, appearing in 100 publica-
tions. Other highly recurring terms included coastal
protection (44 occurrences), wave attenuation (34 oc-
currences), climate change (34 occurrences), flooding
(31 occurrences), and hydrodynamics (31 occurrences).
Frequent appearance of these terms reflects the grow-
ing emphasis on mangrove ecosystems as nature-based
coastal defence systems capable of reducing hydrody-
namic energy and mitigating coastal flood impacts.

Several additional keywords also appeared promi-
nently within the network, including nature-based so-

lutions (20 occurrences), numerical model (21 occur-
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rences), coastal zone (17 occurrences), mangrove for-
est (17 occurrences), and sea-level rise (12 occurrences).

Increasing use of these terms suggests stronger inte-

gration between ecological approaches, hydrodynamic
modelling, and climate adaptation strategies in recent

coastal management research.
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Figure 6. Keyword co-occurrence network showing major research themes within the literature on mangrove-mediated coastal

flood protection.
Source: Authors’ work (visualized by VOSviewer).

Network visualization further revealed several in-
terconnected thematic clusters representing major re-
search directions within the literature. One cluster con-
centrated on hydrodynamic and wave attenuation pro-
cesses, incorporating terms such as wave propagation,
wave height, wave energy, and sediment transport. An-
other cluster focused on coastal risk and climate-related
hazards, represented by keywords including sea-level
rise, storm surge, flooding, and vulnerability. A third
cluster emphasized ecosystem-based coastal manage-
ment, including nature-based solutions, ecosystem ser-
vices, restoration, and coastal zone management.

Although sediment transport appeared within the
hydrodynamic cluster, it did not emerge as one of the
most dominant standalone keyword groups in bibliomet-
ric analysis. This does not imply that sediment processes
are unimportant. Rather, sediment transport is often in-
vestigated as a component of broader themes such as
wave attenuation, coastal morphology, shoreline stabil-
ity, and ecosystem resilience. Given its critical role in ver-
tical accretion, elevation maintenance, and adaptation to
sea-level rise, sediment dynamics remain a fundamen-
tal process underpinning the long-term effectiveness of
mangrove-mediated coastal protection.

Patterns observed within these thematic clusters

illustrate the interdisciplinary character of mangrove-

related research, bringing together coastal engineering,
hydrodynamic modelling, ecological conservation, and
climate adaptation perspectives. Increasing connectiv-
ity between these themes also reflects broader recogni-
tion of mangrove ecosystems as effective nature-based
solutions for coastal flood mitigation and shoreline pro-
tection.

of Research

3.5. Temporal Evolution

Themes

Overlay visualization analysis provides insight into
the temporal evolution of research themes within
mangrove-mediated coastal protection studies. Ear-
lier publications primarily concentrated on the eco-
logical functions of mangrove ecosystems, particularly
their contribution to shoreline stabilization and coastal
ecosystem preservation. In more recent years, greater
attention has been directed toward hydrodynamic mod-
elling, climate adaptation strategies, and advanced envi-
ronmental monitoring techniques.

Several emerging topics were identified from the
overlay visualization map (Figure 7), including integra-
tion of remote sensing technologies with hydrodynamic
simulation, machine learning-based ecosystem monitor-
ing, and hybrid coastal protection approaches that com-
bine mangrove restoration with engineered infrastruc-
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ture. Growing interest in these themes reflects an on-
going transition toward more technologically advanced,

data-driven, and interdisciplinary research approaches
within the field.
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Figure 7. Overlay visualization of keyword co-occurrence illustrating the temporal evolution of research themes. Colors repre-

sent the average publication year associated with each keyword.

Source: Authors’ work (visualized by VOSviewer).

3.6. Research Density and Thematic Con-
centration

Density visualization analysis in Figure 8 high-
lights areas of high research concentration within the
field of mangrove-mediated coastal protection. Regions
with higher density are associated with frequently stud-
ied topics such as mangrove ecosystems, coastal pro-
tection, wave attenuation, and hydrodynamic modelling.

Concentration of these themes indicates their central

g%b VOSviewer

Figure 8. Density visualization of keyword co-occurrence highlighting areas of high research intensity within mangrove coastal
protection studies.
Source: Authors’ work (visualized by VOSviewer).

role within current scientific discussions and research
activity.

Areas with lower density within the visualization
map generally correspond to emerging or comparatively
underexplored research topics. These areas may offer
important opportunities for future investigation, par-
ticularly in subjects related to integrated coastal man-
agement, ecosystem-based climate adaptation, hybrid
coastal defence strategies, and long-term evaluation of
mangrove restoration effectiveness.
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3.7. Highly Influential Publications and Ci-
tation Impact

Figure 9 highlights a group of publications that
have played a significant role in shaping contemporary
research on mangrove-mediated coastal protection. Sev-
eral highly cited studies occupy central positions within
the citation network, indicating their importance in ad-
vancing scientific understanding of the interactions be-
tween mangrove ecosystems and coastal hydrodynamic
processes. The prominence of these publications re-
flects their contribution to the development of method-
ologies, conceptual understanding, and practical applica-
tions related to flood-risk reduction and climate adapta-
tion.

A closer examination of the influential studies re-
veals a strong emphasis on quantifying the protective
functions of mangrove ecosystems under varying en-
vironmental conditions. Particular attention has been
given to wave attenuation, storm-surge mitigation, sed-
iment dynamics, and the capacity of coastal vegetation
to reduce flood impacts. Many of these investigations

also contributed to the growing adoption of numerical
modelling approaches, enabling researchers to evaluate
protection performance across different coastal settings
and hazard scenarios. As a result, research has gradu-
ally evolved from descriptive assessments of mangrove
ecosystems toward more rigorous evaluations of their ef-
fectiveness as nature-based solutions.

The concentration of influential publications
around themes such as ecosystem-based adaptation,
resilience enhancement, and sustainable coastal man-
agement further illustrates the increasing integration
of ecological and engineering perspectives within the
field. This trend reflects a broader shift in coastal re-
search, where mangroves are no longer viewed solely as
ecological resources but are increasingly recognized as
functional components of coastal defence systems. The
citation patterns therefore suggest that future research
is likely to focus on improving predictive modelling capa-
bilities, evaluating long-term performance under chang-
ing climatic conditions, and supporting evidence-based
decision-making for coastal adaptation and risk manage-

ment.
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Figure 9. Citation network of influential publications in mangrove-mediated coastal flood protection research. Larger nodes
represent publications with greater citation influence within the reviewed literature.

Source: Authors’ work (visualized by VOSviewer).

3.8. Influential Sources and Publication
Outlets

Figure 10 illustrates the citation network of pub-

lication sources contributing to mangrove-mediated

coastal flood protection research. The network high-
lights several journals that have exerted substantial in-
fluence on the development of knowledge within the
field. Among the most prominent outlets are Estuarine,
Coastal and Shelf Science, Ocean Engineering, Coastal En-
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gineering, Science of the Total Environment, and Frontiers
in Marine Science. The larger node sizes associated with
these journals indicate their strong citation influence
and continued relevance to studies investigating coastal
resilience, ecosystem-based adaptation, hydrodynamic

processes, and nature-based solutions. Although the

coastal epgineering

journal of marine science and engineering

publication sources met the inclusion criteria for the ci-
tation analysis, no direct citation links were identified
among the included journals under the selected analy-
sis parameters, indicating that the journals contributed
independently rather than forming an interconnected ci-
tation network.

applied océan research

estuarine, coastalj@nd shelf science

frontiers in marine science ocean and coastal management

regional studies(ip marine science

5‘%3 VOSviewer

scientific reports

ocean engineering

science of the tatal environment

Figure 10. The citation network of publication sources.

Source: Authors’ work (visualized by VOSviewer).

The composition of the network reveals the inter-
disciplinary character of the research area. Engineering-
focused journals such as Coastal Engineering and Ocean
Engineering have contributed significantly to advances
in numerical modelling, wave attenuation assessment,
and coastal hazard analysis. In contrast, journals in-
cluding Science of the Total Environment and Frontiers
in Marine Science have expanded understanding of eco-
logical functions, environmental change, and ecosystem
resilience. The presence of both engineering and en-
vironmental science outlets suggests that progress in
mangrove-based coastal protection increasingly relies
on the integration of ecological knowledge with quanti-
tative modelling approaches.

The citation relationships presented in Figure 10
further indicate a gradual transition from traditional eco-
logical assessments toward application-oriented stud-
ies that support coastal planning and climate adapta-
tion. Greater emphasis is now placed on evaluating pro-
tection performance, resilience enhancement, and long-
term sustainability under changing environmental con-

ditions. This publication pattern reflects the growing
recognition of mangrove ecosystems as functional com-
ponents of coastal defence strategies and highlights the
importance of interdisciplinary collaboration in address-

ing future coastal challenges.

3.9. Intellectual Foundations of Mangrove-
Mediated Coastal Protection

Figure 11 presents the co-citation network of
highly influential references that have formed the intel-
lectual foundation of mangrove-mediated coastal flood
protection research. Co-citation analysis identifies stud-
ies that are frequently cited together, providing in-
sight into the theoretical and methodological pillars that
have guided subsequent investigations. The network
reveals several interconnected clusters, indicating that
the development of knowledge in this field has been
shaped through contributions from coastal engineer-
ing, hydrodynamics, ecosystem-based adaptation, and

nature-based solutions.
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Figure 11. Co-citation network of foundational references underpinning mangrove-mediated coastal flood protection research.
Larger nodes indicate references that have exerted greater influence on the development of the field.

Source: Authors’ work (visualized by VOSviewer).

Prominent references within the network include
studies by Losada et al., Narayan et al., Suzuki et al., Liu
etal., De Vriend et al,, and Bao et al. The central position
and large node size of these references suggest that they
have played a substantial role in advancing understand-
ing of wave attenuation, vegetation-flow interactions,
sediment dynamics, and the capacity of coastal ecosys-
tems to reduce flood impacts. Many of these studies
introduced experimental approaches, numerical mod-
elling techniques, and conceptual perspectives that re-
main widely adopted in contemporary coastal protec-
tion research.

The clustering pattern observed in Figure 11 also
illustrates the gradual evolution of the field. Earlier in-
vestigations primarily focused on understanding phys-
ical hydrodynamic processes and the interaction be-
tween vegetation and water movement. More recent
studies have expanded these foundations by incorpo-
rating ecosystem-based adaptation, resilience enhance-
ment, and nature-based solutions into coastal manage-
ment and climate adaptation strategies. Strong link-
ages among the cited references indicate that current re-
search continues to build upon these foundational con-
tributions rather than developing as isolated research
streams.

Overall, the co-citation structure demonstrates
that mangrove-mediated coastal protection research has
evolved through the integration of ecological knowledge

and engineering-based analysis. The enduring influence

of these foundational studies highlights their continu-
ing relevance for improving numerical modelling, evalu-
ating protection performance, and supporting evidence-
based decision-making in coastal adaptation planning.

3.10. Research Fronts and Emerging Direc-
tions

Figure 12 presents the bibliographic coupling net-
work derived from the reviewed literature. Unlike co-
citation analysis, which identifies foundational studies,
bibliographic coupling highlights contemporary publica-
tions that share similar reference patterns and there-
fore reflect active research directions within the field.
The presence of multiple interconnected clusters in-
dicates that mangrove-mediated coastal protection re-
search continues to expand across several complemen-
tary themes rather than following a single line of investi-
gation.

Several clusters are associated with hydrodynamic
modelling, wave attenuation assessment, vegetation-
flow interactions, and flood-risk reduction. Other clus-
ters demonstrate growing interest in ecosystem-based
adaptation, climate resilience, nature-based solutions,
and the integration of coastal ecosystems into adapta-
tion planning. The coexistence of engineering-oriented
and environmental management themes further rein-
forces the interdisciplinary character of the research
area.

The coupling structure also suggests a gradual shift
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toward more applied and decision-oriented studies. In-
creasing attention is being directed toward evaluating pro-
tection performance under future climate scenarios, as-
sessing long-term restoration outcomes, and improving

the representation of ecological processes within numeri-
cal models. This trend reflects a broader effort to generate
evidence that can support coastal planning, infrastructure

resilience, and adaptation policy development.

hilsen s.; mcdonald r.i.; chap

li c.; zhang h.; zhang h.; sun

nguyen n.-m.;van d.d.; le d.t

chu t.-j.; shihy.-j.; shih c.
cao x.; suny.;wangy.; wang

zhang q.;yan z,; biy.; leiy

kumar p.; de's.e.; sahani

narendr a.; aithal b.h.; das s
tiwari p.; rao a.d.; pandey s.

ani c.j.; smithers s.g.; lewis

zhang z.; fluet-chouinard e.;

5‘% VOSviewer

obiefuna j.; adeaga o.; omojol

Figure 12. Bibliographic coupling network illustrating contemporary research fronts in mangrove-mediated coastal flood pro-
tection studies. Different clusters represent groups of publications sharing common intellectual foundations and thematic ori-

entations.
Source: Authors’ work (visualized by VOSviewer).

Several emerging opportunities can also be identi-
fied from the network. Future investigations may ben-
efit from greater integration of ecological monitoring,
hydrodynamic simulation, socio-economic assessment,
and climate projection modelling. Additional research
is needed to evaluate long-term protection effectiveness
under sea-level rise, changing storm characteristics, and
land-use pressures. These directions are likely to play an
important role in strengthening the scientific basis for
mangrove-based coastal protection and enhancing the
contribution of nature-based solutions to climate adap-
tation strategies.

Overall, the bibliometric findings indicate that re-
search on mangrove-mediated coastal flood protection has
expanded from descriptive ecological assessment toward
more integrated, model-based, and application-oriented
studies. The combined results from publication trends,
keyword mapping, citation analysis, co-citation, and bib-
liographic coupling show that the field is increasingly
shaped by collaboration between coastal engineering, ma-
rine ecology, hydrology, environmental management, and
climate adaptation research. These patterns provide a
useful basis for the thematic synthesis presented in the

following sections, particularly in relation to vegetation-

flow interactions, modelling limitations, restoration per-

formance, and long-term coastal resilience.

4. Ecosystem Services of Man-
grove Ecosystems

Mangrove ecosystems provide a wide range of
ecological, environmental, and socioeconomic functions
that contribute significantly to coastal resilience and en-
vironmental sustainability. These intertidal forests oc-
cur along tropical and subtropical coastlines where they
regulate hydrodynamic processes, stabilize shorelines,
and support diverse biological communities. Increasing
recognition of these multifunctional roles has positioned
mangroves as important components of nature-based
solutions for climate adaptation and coastal disaster risk
reduction. Recent studies have further emphasized their
contribution to long-term environmental resilience and
coastal community protection 2% 211,

Coastal protection remains one of the most widely
studied ecosystem services provided by mangrove
forests. Structural components such as aerial roots,
trunks, and dense canopy layers interact with coastal

hydrodynamics by increasing hydraulic resistance and
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dissipating wave energy. Field observations and ex-
perimental investigations have shown that waves trav-
elling through mangrove forests experience noticeable
reductions in wave height and energy due to frictional
drag and turbulence generated by vegetation struc-
tures 22231, This capacity for wave attenuation allows
mangroves to function as natural buffers that reduce the
impacts of storm surges and coastal flooding in adja-
cent inland areas. Growing interest in nature-based in-
frastructure has therefore strengthened the role of man-
grove forests as complementary systems to conventional
engineered coastal defences.

Effectiveness of mangroves in reducing coastal haz-
ards depends on several ecological and physical charac-
teristics of the forest. Vegetation density, forest width,
tree height, and root architecture all influence the ex-
tent to which hydrodynamic energy is reduced within
mangrove environments. Species with complex prop-
root systems, particularly those within the genus Rhi-
zophora, generally produce greater hydraulic resistance
compared with species possessing simpler root struc-
tures. Variations in geometric characteristics among
mangrove species therefore play an important role in
shaping vegetation-flow interactions within coastal en-

vironments [?1.

Such differences strongly influence the
capacity of mangrove forests to function as natural bar-
riers against waves, currents, and coastal flooding.

Sediment stabilization and land formation pro-
cesses also contribute significantly to the protective
function of mangrove ecosystems. Mangrove root sys-
tems reduce water velocity and trap suspended sedi-
ments transported by tidal currents and storm-driven
flows. Accumulation of these sediments promotes
vertical soil accretion and helps maintain mangrove
surface elevation relative to rising sea levels. Over
longer timescales, these geomorphological processes
contribute to shoreline stabilization and reduce vulner-
ability to erosion and inundation. Continued sediment
accumulation further strengthens the long-term adap-
tive capacity of mangrove ecosystems under changing
coastal conditions.

Climate regulation through carbon sequestration
represents another major ecosystem service associated

with mangrove environments. Mangroves are widely

recognized as highly efficient natural carbon sinks be-
cause of their ability to store substantial amounts of or-
ganic carbon within both vegetation biomass and water-
logged sediments. Organic matter accumulated in anoxic
mangrove soils can remain preserved for extended peri-
ods, contributing to long-term climate change mitigation.
Recent restoration studies have also demonstrated that
rehabilitated mangrove forests can significantly increase
(241 These

functions reinforce the importance of mangrove ecosys-

carbon storage capacity in coastal regions

tems within global climate regulation and sustainability
initiatives.

Support for biodiversity and fisheries productiv-
ity further enhances the ecological significance of man-
grove ecosystems. Complex habitat structures within
mangrove forests provide shelter and nursery grounds
for numerous aquatic organisms, including fish, crus-
taceans, and mollusks. Many commercially important
fisheries species depend on mangrove habitats during
critical stages of their life cycles. Contributions to fish-
eries productivity and food security therefore extend the
importance of mangroves beyond environmental protec-
tion and into socioeconomic resilience for coastal com-
munities.

Additional ecosystem functions include water qual-
ity regulation and nutrient cycling within coastal envi-
ronments. Mangrove root systems trap sediments and
filter nutrients transported from upstream terrestrial
catchments. This filtration process improves water qual-
ity in adjacent marine environments and helps protect
sensitive ecosystems such as coral reefs and seagrass
beds from excessive sedimentation and nutrient enrich-
ment. Through these processes, mangrove ecosystems
help maintain ecological balance across interconnected
coastal habitats.

Socioeconomic benefits provided by mangrove
ecosystems also remain highly important for many
coastal populations. Local communities frequently de-
pend on mangrove resources for fisheries, fuelwood,
timber, and other ecosystem goods. Ecotourism activi-
ties associated with mangrove environments can further
generate economic opportunities while supporting en-
vironmental conservation efforts. Recognition of these

combined ecological and socioeconomic benefits has in-
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creasingly positioned mangrove ecosystems as valuable
forms of natural infrastructure that support sustainable
coastal development.

Capacity of mangrove ecosystems to sustain these
functions, however, remains strongly influenced by envi-
ronmental conditions and ecosystem health. Land con-
version, pollution, hydrological alteration, and coastal
degradation can substantially reduce ecological func-
tionality and protective performance. Effective conser-
vation and restoration strategies are therefore essential
for maintaining the long-term ecosystem services pro-
vided by mangrove forests and strengthening coastal re-
silience under future environmental change.

4.1. Vegetation Structure, Drag, and Wave
Attenuation

One of the most consistent findings across the re-
viewed literature is that mangrove-based coastal protec-
tion is fundamentally governed by vegetation-flow in-
teractions. Structural components such as roots, trunks,
branches, and canopy layers increase hydraulic drag,
generate turbulence, redistribute flow momentum, and
reduce both wave height and current velocity. Labora-
tory experiments, prototype-scale investigations, field
observations, and numerical modelling studies consis-
tently demonstrate that wave attenuation generally in-
creases with cross-shore distance through mangrove
forests, although reported attenuation rates vary accord-
ing to vegetation structure, water depth, and incom-
ing wave conditions. However, attenuation behaviour
is highly nonlinear and strongly influenced by vegeta-
tion density, stem diameter, root complexity, submer-
gence ratio, and the frequency characteristics of incom-
ing waves [10:20,22,25-29],

Recent studies have also improved the represen-
tation of vegetation drag within hydrodynamic mod-
els. Integrated drag-coefficient formulations, local drag-
force approaches, high-order phase-resolving simula-
tions, and terrestrial laser scanning-based parameteri-
sation methods have gradually replaced earlier assump-
tions that treated mangroves as uniform rigid cylin-

ders [27,30-32]

These developments are important be-
cause simplified parameterisation approaches often fail

to capture variability among mangrove species, age

classes, forest zones, and vegetation structures. Current
evidence indicates that juvenile and mature forests, sub-
merged and emergent canopies, and rigid and flexible
vegetation elements produce substantially different at-
tenuation responses 33361,

An important development in recent years involves
recognition that mangrove vegetation does not behave
as a rigid structure under all hydrodynamic conditions.
Flexibility within roots, stems, branches, and canopy ele-
ments can alter drag forces, turbulence generation, and
energy dissipation characteristics. As a result, atten-
uation performance may differ substantially from pre-
dictions generated using simplified rigid-vegetation as-
sumptions. Continued investigation of vegetation flexi-
bility is therefore necessary to improve model realism
and strengthen confidence in predictions of coastal pro-
tection performance under varying wave and inundation
conditions.

Findings from recent studies also suggest that no
universal attenuation coefficient can be reliably trans-
ferred across different coastal environments. Even
when wave reduction is clearly observed, attenuation
magnitude remains highly dependent on local hydro-
dynamic conditions and coastal morphology. Investi-
gations involving storm-driven waves, solitary waves,
regular waves, and tsunami-like conditions demon-
strate that attenuation performance may weaken or
change considerably under deeper water levels, in-
creased vegetation submergence, or conditions ap-
proaching structural failure thresholds37-*%1, These
observations highlight the importance of site-specific
calibration when applying vegetation drag formula-
tionsin coastal protection planning. Distinguishing be-
tweenroutine attenuation performance and behaviour
under extreme hydrodynamic conditions is therefore
essential for improving the reliability of mangrove-

based coastal defence strategies.

4.2. Flood-Depth Reduction and the Impor-
tance of Morphology

Protective functions provided by mangrove ecosys-
tems rarely operate in isolation. Flood mitigation perfor-
mance is strongly influenced by surrounding coastal mor-
phology, including embayment configuration, intertidal el-
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evation, tidal channels, and adjacent wetland systems. Re-
cent studies demonstrate that drainage density can redis-
tribute or even offset the protective benefits associated
with dense vegetation, while variations in intertidal topog-
raphy may either enhance or reduce flood attenuation per-

formance [41-43]

. These findings help explain why broad
green-belt policies often produce inconsistent outcomes
when local channel systems, tidal flats, and topographic
connectivity are not adequately considered.

Evidence from coupled flood-risk modelling
studies further illustrates the spatial complexity of
mangrove-based flood protection. Although mangrove
forests can reduce storm surge levels and inland flood
damages, protective benefits are rarely distributed uni-
formly across coastal landscapes. Instead, attenua-
tion effects vary considerably between neighbourhoods,
land-use types, and hydrodynamic settings [1% 3% 44451,
In estuaries and river delta environments, compound
flood behaviour is further influenced by upstream river
discharge, tidal synchronization, and large-scale cli-
matic anomalies such as ENSO and monsoon variabil-
ity [46-48]

These observations suggest that management
strategies based solely on generalized forest-width
thresholds may oversimplify the behaviour of mangrove-
mediated flood reduction. More reliable coastal plan-
ning approaches require integrated assessment of ter-
rain characteristics, channel morphology, hydrody-
namic forcing, and compound flood interactions within
specific coastal settings.

Sediment transport processes represent another
important component of mangrove-mediated coastal
protection that remains comparatively underrepre-
sented within many hydrodynamic investigations. Be-
yond reducing wave energy and current velocity, man-
grove vegetation alters sediment pathways by promot-
ing particle deposition, reducing resuspension, and
enhancing vertical accretion within intertidal environ-
ments. These processes contribute directly to shoreline
stability and may improve the capacity of coastal land-
scapes to adjust to gradual sea-level rise. However, sed-
iment dynamics vary considerably among locations due
to differences in sediment availability, tidal exchange,

channel configuration, and vegetation characteristics.

Greater integration of sediment transport processes
within hydrodynamic modelling frameworks would
therefore improve understanding of long-term coastal

protection performance and ecosystem resilience.

4.3. Restoration is Not Automatically Equiv-
alent to Protection

A recurring pattern identified across the reviewed
literature is that restoration success does not neces-
sarily translate directly into effective coastal protection
performance. Restored or naturally regenerated man-
grove systems may provide ecological, carbon sequestra-
tion, and social benefits long before they achieve hydro-
dynamic characteristics comparable to mature natural
forests. In some environments, restored mangroves may
never fully replicate the structural complexity, vegetation
density, or geomorphological features of established nat-

ural stands[1349-51],

This distinction carries important
implications for coastal management and policy because
restoration programmes are frequently promoted as flood-
protection measures even when their hydrodynamic per-
formance has not been comprehensively evaluated.

Recent studies increasingly emphasize performance-
based restoration approaches rather than relying solely
on vegetation survival or planting success. Several inves-
tigations have examined mangrove establishment and
survival across elevation gradients, linked restoration
trajectories to flood reduction metrics, evaluated shore-
line stabilization potential, and assessed wave attenua-
tion performance under both laboratory and field condi-
tions [23-49.51-53] These approaches provide a more com-
prehensive understanding of how restored mangrove
systems contribute to coastal protection over time.

An additional consideration concerns species com-
position within restored mangrove ecosystems. Restora-
tion programmes frequently prioritise rapid establish-
ment through single-species planting approaches, par-
ticularly involving Rhizophora species. While such ini-
tiatives may increase vegetation cover, monoculture
plantations often exhibit lower structural complexity
than naturally developed mixed-species forests. Recent
restoration assessments further suggest that structural
diversity and vegetation architecture may be equally
important as restoration extent when evaluating long-
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Differ-

ences in root architecture, stem density, canopy struc-

term ecosystem functionality and resilience.

ture, and ecological interactions may influence hydro-
dynamic performance and ecosystem resilience. Con-
sequently, restoration success should not be evaluated
solely on planting density or survival rates but should
also consider species diversity, structural heterogeneity,
and long-term ecosystem development when assessing
coastal protection effectiveness.

Current evidence suggests that future restoration
assessment should extend beyond conventional ecolog-
ical indicators such as survival rates or canopy cover-
age alone. Greater attention should be given to biophys-
ical conditions, vegetation structure, sediment dynam-
ics, and hydrodynamic processes that influence long-
term restoration success and coastal protection per-
formance. Integrating these factors into restoration
planning would improve the reliability of mangrove-
based coastal defence strategies and strengthen long-
term adaptation outcomes in vulnerable coastal regions

4.4. Comparative Synthesis of Hydrody-
namic Protection Functions

Although the reviewed studies do not report hydro-
dynamic performance using fully comparable indicators,

their findings can still be synthesized according to the pri-
mary protection function examined, modelling approach
applied, and practical implications for coastal manage-
ment. As previously presented in Table 1, several re-
curring patterns emerge across the literature regarding
wave attenuation, flow resistance, storm-surge modera-
tion, sediment trapping, and flood-risk reduction. Rather
than presenting a pooled numerical estimate, the table
provides a structured comparison of how mangrove char-
acteristics, hydrodynamic processes, and modelling strate-
gies contribute to coastal protection outcomes. This com-
parative synthesis helps identify areas of consensus within
the literature while also highlighting factors that influence
the effectiveness of mangrove-mediated coastal defence
under different environmental conditions.

Table 2 indicates that mangrove-mediated coastal
protection cannot be generalized using a single perfor-
mance indicator. Protective capacity depends on the in-
teraction between vegetation structure, hydrodynamic
forcing, sediment availability, and coastal morphology.
This finding supports the argument that future studies
should move beyond broad claims of natural flood pro-
tection and instead report site-specific parameters, vali-
dation procedures, uncertainty ranges, and performance

thresholds under different hazard conditions.

Table 2. Comparative synthesis of hydrodynamic protection functions and modelling approaches identified across reviewed

mangrove coastal protection studies.

. . . Common .
Proteftlon Main Controlling Modelling/Assessment Gen.e ral Fmdmgs from Practical Implications
Function Factors Reviewed Studies
Approach
Forest width, Denser and wider mangrove
Wave vegetation density, Physical modelling, belts generally reduce \ffgvave Mangrove width alone
. root complexity, SWAN, XBeach, Delft3D, . 8 y should not be used as the
attenuation : height and wave energy more . -
canopy phase-resolving models . only design criterion
effectively
submergence

Stem diameter, root
structure, drag
coefficient,
vegetation flexibility

Drag-based
formulations, local drag
force models, 2D/3D
hydrodynamic models

Flow resistance

Forest elevation,
coastal slope, tidal
channels, surge
depth

Forest position,
drainage density,
land elevation,
channel connectivity

Delft3D, ADCIRC,
HEC-RAS, coupled flood
models

Storm-surge
moderation

Flood-risk modelling,
inundation mapping,
scenario simulation

Flood-depth
reduction

Vegetation increases hydraulic
resistance, but simplified
rigid-cylinder assumptions may
overestimate or underestimate
performance

Mangroves can reduce surge
propagation, but performance
varies strongly by local
morphology

Flood reduction is spatially
uneven and may be weakened
where channels bypass
vegetation zones

Species-specific and
structure-specific
parameterisation is needed

Site-specific validation is
essential before using
mangroves as
flood-defence measures

Coastal planning must
consider terrain and
channel networks
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Table 2. Cont.

. . . Common .
Proteftlon Main Controlling Modelling/Assessment Gen.e ral Fmdmgs from Practical Implications
Function Factors Reviewed Studies
Approach
Sediment Root density, tidal Hydro-morphodynamic Mangroves can promote Protection value depends

exchange, sediment
supply, inundation
frequency

Species composition,

models, field monitoring,
sediment budget
analysis

Restoration monitoring,

trapping and
elevation gain

Restoration- . . . .
based planting density, scenario modelling,
. survival rate, forest comparative site

protection .

maturity assessment

Mangrove belt s

. - Hybrid infrastructure

Hybrid condition, modelling, overtoppin,
green-gray breakwater/dike analvsis 5 pping
protection configuration, YIS,

. cost-comparison studies
maintenance needs

sediment deposition and
vertical accretion, supporting
long-term resilience

Replanted areas do not
automatically provide the same
protection as mature
mixed-species stands

on sediment availability
and ability to keep pace
with sea-level rise

Restoration projects should
include hydrodynamic
performance indicators

Hybrid systems can improve
reliability where mangroves
alone are insufficient under

extreme events

Engineering design should
evaluate ecological and
structural components
together

Although hybrid green-gray coastal protection
systems are increasingly promoted as practical adap-
tation strategies, relatively few studies provide di-
rect comparisons of long-term economic perfor-
mance, maintenance requirements, and lifecycle costs
between hybrid and conventional engineering ap-
proaches. Existing evidence generally suggests that
hybrid systems may improve resilience and reduce
dependence on hard infrastructure alone, while simul-
taneously reducing wave overtopping and enhancing
protection performance under a wider range of hy-
drodynamic conditions. However, cost-effectiveness
remains highly site-specific, although recent studies
indicate that integrating vegetation into flood-defence
systems may substantially reduce long-term protec-
tion costs under suitable environmental conditions.
Future research should therefore integrate hydrody-
namic performance assessments with economic evalu-
ation and comparative assessment of green, gray, and
hybrid protection strategies to support more informed
coastal adaptation and investment decisions.

Beyond the individual protection functions pre-
sented in Table 2, several broader patterns emerge from
the reviewed literature. Effective coastal protection de-
pends on the interaction of ecological, hydrodynamic,
and geomorphological factors rather than any single
mangrove characteristic. Although wider and denser
forests generally provide greater protection, their per-
formance remains strongly influenced by local condi-
tions, including sediment availability, tidal dynamics,

vegetation composition, and coastal morphology. The

synthesis also highlights growing interest in hybrid pro-
tection strategies that combine ecosystem-based ap-
proaches with conventional engineering measures to
enhance reliability under extreme conditions 3 49521,
These observations reinforce the need for site-specific
assessments and caution against the direct transfer of
Fu-
ture evaluations should therefore prioritize integrated

findings between different geographical settings.

approaches that consider both short-term hazard reduc-
tion and long-term ecosystem resilience when assessing
mangrove-based coastal protection measures.

5. Modelling Advances and Re-
maining Limitations

5.1. Progress in Numerical Representation

Recent literature demonstrates substantial
progress in numerical modelling approaches used to
investigate mangrove-mediated coastal protection. One-
dimensional and porous-medium formulations continue
to serve as useful tools for preliminary assessment and
conceptual analysis, while newer local-drag and cou-
pled hydro-morphodynamic models provide improved
representation of spatial variability, wetting and drying
processes, and interactions among vegetation, sediment

transport, and channel systems 3154571,

Increasing
use of high-resolution modelling techniques, combined
with remote sensing, Structure-from-Motion (SfM), un-
manned aerial vehicle (UAV), and laser-scanning tech-
nologies, has also contributed to improved vegetation

geometry representation and reduced parameter uncer-
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tainty within hydrodynamic simulations [°8].

One of the most significant developments in recent
years involves the transition from static vegetation rep-
resentation toward more dynamic system-based mod-
elling approaches. Processes such as mangrove growth,
structural failure, survival, and long-term ecosystem evo-
lution are increasingly being incorporated explicitly into
modelling frameworks rather than being treated as fixed

[36,50,52,54,59] Incorporating these ecologi-

assumptions
cal dynamics is particularly important for long-term cli-
mate adaptation planning because the protective func-
tion of mangrove ecosystems changes over time. Forest
expansion, thinning, migration, and degradation are all
influenced by environmental drivers such as salinity, in-
undation frequency, sediment supply, and exposure to
extreme hydrodynamic events.

A particularly important advancement concerns
the growing recognition of vegetation flexibility within

(561, Earlier mod-

hydrodynamic modelling frameworks
elling approaches frequently represented mangrove
vegetation asrigid cylindrical elements with fixed drag
characteristics. Although computationally efficient,
such simplifications may not adequately capture the

deformation, reconfiguration, and energy-dissipation

behaviour of vegetation under varying hydrodynamic
conditions. More recent studies increasingly incor-
porate flexible vegetation formulations, dynamic drag
representations, and vegetation-motion interactions,
providing improved representation of flow resistance
and wave attenuation processes. Nevertheless, flexi-
ble vegetation mechanics remain insufficiently imple-
mented across many modelling applications, highlight-
ing an important area for future methodological devel-
opment.

The comparison presented in Table 3 illustrates
that no single modelling framework is universally suit-
able for all coastal protection applications. Model se-
lection should be guided by the specific objectives of
the study, spatial scale, data availability, and dominant
hydrodynamic processes under investigation. Simpler
models may provide efficient preliminary assessments,
whereas coupled hydro-morphodynamic frameworks of-
fer greater capability for evaluating long-term ecosys-
tem evolution and climate adaptation outcomes. Conse-
quently, future studies should place greater emphasis on
selecting modelling approaches that align with the eco-
logical and hydrodynamic complexity of the coastal sys-

tems being evaluated.

Table 3. Comparison of hydrodynamic modelling approaches used in mangrove coastal protection studies.

. . Lo Typical in
Model Main Application Strengths Limitations ypical Use .
Mangrove Studies
. Simulates flow, sediment . . Long-term coastal
Hydrodynamic and . Requires extensive . -
. transport, erosion, and . . evolution, sediment
Delft3D morphodynamic : s calibration and .
. . morphological change within a . dynamics, and
simulation . computational resources .
single framework restoration assessment
Wave . Well-established for wave Limited representation of Wave attenuation and
transformation and . . .
SWAN attenuation propagation and coastal wave vegetation structure and coastal wave climate
. analysis morphological change assessment
modelling
Storm-impact and Effective for modelling storm Primarily event-based and Storm-surge, cyclone,
surges, overwash processes, and .
XBeach extreme-event . . less suitable for long-term and extreme-wave
: . coastal flooding during extreme . .
simulation simulations assessment
events
Flood mund.atlon User-friendly apd widely applied  Simplified treat.ment of Flood-depth estimation
HEC-RAS and hydraulic for flood mapping and coastal vegetation and wave . . .
. . ) and inundation mapping
analysis water-level simulation processes
Storm-sqrge an.d Strgng capability for . - Complex setup and high Storm-surge prediction
ADCIRC coastal circulation regional-scale surge simulation . h .
. computational demand and coastal risk analysis
modelling and coastal hazard assessment
Integrated Captures interactions among Long-term resilience
Coupled Hydro- ) - - . . .
Morphodynamic simulation of vegetation, hydrodynamics, High data requirements and assessment and
Models ecological and sediment transport, and model complexity ecosystem-based coastal

physical processes

morphology

protection planning
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Although significant progress has been made in rep-
resenting vegetation-flow interactions within numeri-
cal models, no modelling framework currently captures
all ecological and hydrodynamic processes with equal
accuracy. Simpler approaches often provide computa-
tional efficiency but may oversimplify vegetation struc-
ture and ecosystem dynamics. In contrast, coupled
hydro-morphodynamic models offer greater realism by
incorporating interactions among hydrodynamics, sed-
iment transport, vegetation development, and morpho-
logical change, but they require extensive datasets, cal-
ibration effort, and computational resources. Conse-
quently, the choice of modelling framework should be
guided not only by technical capability but also by the
specific objectives, spatial scale, temporal scale, and data
availability of each study. Future advances will likely de-
pend on improving the balance between model complex-

ity, computational efficiency, and ecological realism.

5.2. Validation and Transferability Remain
Weak Points

Despite considerable progress in numerical mod-
elling, several important limitations remain within the
current body of literature. One of the most persistent
challenges involves the limited availability of validation
data relative to the increasing complexity and ambition
of modern modelling frameworks. Many studies con-
tinue to rely on short-duration field campaigns, simpli-
fied laboratory experiments, or restricted forcing con-
ditions, reducing confidence when models are applied
to different coastal settings or more extreme hydrody-
namic scenarios [25 2837, 601

An additional concern relates to the temporal lim-
itations of many validation datasets. A substantial pro-
portion of field-based investigations are conducted over
relatively short monitoring periods, often spanning only
several days or weeks. While these studies provide valu-
able insights into vegetation-flow interactions, they may
not adequately capture seasonal fluctuations in vegeta-
tion condition, sediment dynamics, hydrodynamic forc-
ing, or long-term ecosystem responses to environmen-
tal change. Consequently, caution is required when ex-
trapolating short-term observations to long-term assess-
ments of mangrove-mediated coastal protection. Future

research should place greater emphasis on multi-season
and multi-year monitoring programmes capable of sup-
porting more robust model validation and improving un-
derstanding of long-term ecosystem resilience.

Another important limitation concerns the repre-
sentation of vegetation failure and structural damage
under extreme conditions. Recent field observations
and experimental investigations indicate that protec-
tive functions provided by mangroves cannot be as-
sumed once wave forces exceed biomechanical resis-
tance thresholds or when repeated storm exposure, sea-
level rise, and climate-related ecosystem degradation al-
ter vegetation structure and condition [36 40,536,611 = Faj]-
ure mechanisms associated with uprooting, stem break-
age, and canopy damage remain insufficiently incorpo-
rated within many existing modelling approaches.

Understanding failure thresholds is particularly im-
portant because the protective function of mangrove
ecosystems cannot be assumed under all hazard con-
ditions. Extreme waves, prolonged inundation, storm
surges, and repeated cyclone exposure may exceed
the biomechanical resistance of vegetation, resulting
in stem breakage, root failure, canopy loss, or large-
scale forest degradation. Despite growing recognition
of these processes, quantitative threshold values remain
insufficiently documented across different species, age
classes, and environmental settings. Future investiga-
tions should place greater emphasis on identifying criti-
cal failure conditions and incorporating vegetation dam-
age mechanisms into predictive modelling frameworks
used for coastal risk assessment [3¢ 40611,

Communication of uncertainty also remains rela-
tively limited in many coastal protection studies. Only
a comparatively small number of investigations explic-
itly quantify modelling uncertainty or present outputs
in formats that can be directly interpreted by coastal

57,62,63]  Recent stud-

managers and decision-makers!
ies have also demonstrated the value of probabilistic ap-
proaches for representing uncertainty within vegetated
hydrodynamic systems, enabling more robust assess-
ment of flood-protection performance under varying en-
vironmental conditions. Insufficient uncertainty report-
ing may create unrealistic expectations regarding the re-

liability and transferability of mangrove-based coastal
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defence strategies, particularly when findings are trans-
lated into policy or large-scale implementation plans.

From a coastal management perspective, these lim-
itations extend beyond technical modelling concerns
alone. Poorly constrained uncertainty, incomplete val-
idation, and simplified vegetation assumptions may re-
duce confidence in practical applications and increase
implementation risks in real-world coastal adaptation
projects. In addition, long-term coastal resilience may
be influenced by environmental processes that are not al-
ways explicitly represented within hydrodynamic mod-
els, including groundwater salinization, changing fresh-
water availability, and sea-level-rise-induced ecosystem
stressors that may affect vegetation health and ecosys-
tem persistence over time. Future modelling studies
would therefore benefit from more transparent report-
ing of calibration procedures, vegetation parameterisa-
tion, hazard scenarios, failure thresholds, and model sen-
sitivity to morphological and boundary-condition vari-
ability (571

Technological advancements are creating new pos-
sibilities for improving the accuracy and applicability of
mangrove hydrodynamic modelling. Recent advances
in remote sensing, unmanned aerial vehicles (UAVs), Li-
DAR surveys, machine learning, and real-time environ-
mental monitoring have expanded the availability of
high-resolution data for model development and vali-

dation 81,

These technologies can support more accu-
rate representation of vegetation structure, topographic
variability, and hydrodynamic processes across complex
coastal environments. In addition, data-driven mod-
elling approaches and real-time environmental monitor-
ing may enable continuous updating of model predic-

1581, In-

tions under changing environmental conditions
tegrating these innovations with conventional hydrody-
namic models could significantly enhance predictive ca-
pability and support more adaptive and evidence-based

coastal management strategies.

6. Climate Stressors and Long-
Term Viability

Protective functions provided by mangrove ecosys-
tems can only be sustained if the forests themselves re-

main resilient under changing climatic and geomorpho-
logical conditions. Recent studies emphasize that sea-
level rise, altered freshwater inflows, salinity variation,
land subsidence, groundwater dynamics, and repeated
storm exposure can all influence the long-term effective-
ness of mangrove-based coastal protection [3% 48 64-66],
In many deltaic environments, the central challenge is no
longer limited to whether mangroves attenuate waves
under present conditions, but whether sufficient sedi-
ment supply, accommodation space, and institutional
support exist to maintain forest elevation and spatial ex-
tent over future decades.

Groundwater-related impacts represent an addi-
tional area that warrants greater attention within fu-
ture coastal protection studies. Rising sea levels and
prolonged saline inundation can contribute to ground-
water salinization in low-lying coastal zones, poten-
tially affecting vegetation health, freshwater availability,
and ecosystem resilience. Although this issue has re-
ceived increasing attention within climate adaptation re-
search, its implications for long-term mangrove protec-
tion performance remain comparatively underexplored.
Improved integration of groundwater processes into
coastal resilience assessments may therefore provide a
more comprehensive understanding of future environ-
mental change [64-66],

An additional challenge involves the increasing oc-
currence of compound climate hazards, where multi-
ple stressors interact simultaneously or sequentially
to influence coastal vulnerability. In many coastal re-
gions, mangrove ecosystems are exposed not only to
sea-level rise but also to storm surges, extreme rainfall,
river flooding, land subsidence, and salinity intrusion
occurring within the same system. The combined ef-
fects of these hazards may amplify environmental stress,
alter hydrodynamic behaviour, and reduce ecosystem
resilience beyond what would be expected from indi-
vidual stressors alone. Consequently, future research
should place greater emphasis on integrated assess-
ments that examine how interacting climate and envi-
ronmental pressures influence the long-term effective-
ness of mangrove-mediated coastal protection.

Integration between physical and ecological per-

spectives has therefore become increasingly important
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within recent research. Studies focusing on mangrove
vulnerability, seedling establishment, lifecycle dynam-
ics, and restoration suitability demonstrate that coastal
protection performance cannot be separated from eco-
logical processes such as recruitment, mortality, and

landward migration potential (959 641,

These findings
suggest that management strategies focusing solely on
protecting existing mangrove belts may be insufficient.
Integrating vegetation within broader flood-defence sys-
tems has also been shown to improve long-term coastal
resilience and reduce protection costs under suitable en-
vironmental conditions 7],

Recent climate-risk studies additionally high-
light the importance of compound flooding processes
in coastal environments. Interactions among ENSO-

related anomalies, storm surges, river discharge,
groundwater fluctuations, and pluvial flooding can sig-
nificantly alter inundation pathways and reduce the reli-
ability of coastal protection strategies designed around
single-hazard assumptions[3% 4647681 More compre-
hensive coastal adaptation planning should therefore
evaluate mangrove ecosystems within compound-risk
frameworks that account for interacting hydrodynamic,
climatic, and geomorphological drivers rather than rely-

ing solely on simplified wave attenuation concepts.

7. Hybrid Infrastructure, Decision
Support, and Management Im-
plications

Recent literature increasingly recognizes that man-
grove ecosystems function most effectively when in-
tegrated within broader coastal protection systems
Hybrid

approaches that combine mangroves with engineered

rather than treated as standalone solutions.

structures such as dikes, breakwaters, reefs, or ele-
vated coastal topography often provide more reliable
protection than purely ecological or purely engineered
interventions alone, particularly under extreme hydro-

69-711 Comparative studies further

dynamic conditions!
demonstrate that mangroves frequently provide their
greatest value by reducing wave loading, overtopping in-
tensity, and long-term maintenance demands on conven-

tional coastal infrastructure rather than fully replacing

engineered defences!?%70.72.73],

Economic considerations increasingly influence de-
cisions regarding the adoption of mangrove-based and
hybrid coastal protection strategies. While mangrove
restoration may offer long-term environmental and so-
cial benefits, implementation costs, maintenance re-
quirements, land availability, and time needed for
ecosystem establishment vary considerably among loca-
tions. Hybrid approaches often require greater initial in-
vestment but may provide more reliable protection un-
der extreme events while simultaneously reducing long-
term maintenance demands on conventional infrastruc-
ture. Consequently, future evaluations should extend be-
yond hydrodynamic performance alone and incorporate
economic, environmental, and social dimensions when
assessing the suitability of alternative coastal protection
options 6272731,

Management-focused studies also emphasize the
growing importance of spatial planning and decision-
support tools in coastal adaptation strategies. Opportunity
mapping, geospatial analysis, and adaptation-planning
frameworks are increasingly applied to identify locations
where mangrove restoration is feasible, where hybrid in-
frastructure offers greater effectiveness, and where non-
structural adaptation measures should complement phys-
ical protection systems!®®74,  Such approaches are es-
pecially important in densely populated coastal regions
where embankments, land scarcity, and channel modifica-
tion limit ecological adaptation potential.

Several broader governance implications emerge
consistently across the reviewed literature. One impor-
tant shift involves moving from area-based restoration
targets toward performance-based management objec-
tives linked to measurable flood-reduction outcomes,
ecological condition, and long-term maintenance re-
quirements. Another critical priority involves strength-
ening monitoring programmes through integration of re-
mote sensing technologies, field hydrodynamic measure-
ments, and vegetation-structure datasets so that mod-
elling frameworks can be updated continuously rather

than treated as static project outputs [58 75761,

Compar-
ative evaluation of gray, green, and hybrid coastal pro-
tection alternatives should also be incorporated into fu-

ture decision-support frameworks to support evidence-
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based coastal adaptation planning 771,

Growing evidence also suggests that coastal
decision-making frameworks should evaluate co-
benefits and trade-offs simultaneously rather than fo-
cusing exclusively on flood reduction performance. Bio-
diversity conservation, carbon sequestration, fisheries
productivity, navigation requirements, land-use con-
flicts, and social acceptability all influence the long-term
viability of mangrove-centred coastal protection strate-

gies6.8 14.78]

Incorporating these interconnected fac-
tors into coastal planning processes is essential for de-
veloping adaptation strategies that remain both environ-

mentally sustainable and socially practical over time.

8. Research Gaps, Agenda, and Fu-
ture Directions

Growing scientific interest in mangrove-mediated
coastal protection reflects increasing recognition of man-
grove ecosystems as effective nature-based solutions
for reducing coastal flood risks and strengthening cli-
mate resilience. Despite substantial progress in recent
years, several important research gaps continue to limit
both scientific understanding and practical implementa-
tion. Addressing these limitations will require a more
integrated research agenda that connects hydrodynamic
modelling, ecological processes, and coastal governance
frameworks.

One of the most persistent challenges involves the
representation of vegetation within hydrodynamic mod-
els. Many existing studies continue to simplify man-
grove vegetation as rigid cylindrical elements to im-
prove computational efficiency. Although this approach
reduces modelling complexity, it often overlooks bio-
logical characteristics such as species composition, age
structure, canopy submergence, and vegetation flexibil-
ity, all of which influence hydrodynamic behaviour and
structural resistance. Recent empirical and modelling
studies demonstrate that these factors significantly af-
fect drag coefficients, energy dissipation, and vegeta-

[21,27,34-36] ' Future modelling ap-

tion failure thresholds
proaches should therefore prioritize biologically real-
istic parameterisation methods capable of represent-

ing species-specific morphology and vegetation damage

states more accurately. Improving biological realism is
essential for increasing model reliability and transfer-
ability across different coastal environments.

Limited availability of long-term and spatially di-
verse field observations also remains a major con-
straint. Although numerical modelling capabilities have
advanced considerably, predictive reliability is still re-
stricted by insufficient empirical validation. Many
investigations rely on short-duration field campaigns
or controlled laboratory conditions that may not ade-
quately represent the variability of natural coastal sys-
tems. Expanded monitoring programmes across es-
tuaries, deltas, open coastlines, and cyclone-prone re-
gions are therefore needed to support more robust

calibration and validation efforts [2%-32.37],

Long-term
datasets involving wave attenuation, sediment trans-
port, and vegetation-flow interactions would substan-
tially improve confidence in model outputs and reduce
uncertainty within coastal risk assessments.

Another important limitation involves the ten-
dency to represent mangrove ecosystems as static rough-
ness elements rather than dynamic ecological systems.
Mangrove environments continuously evolve through
growth, mortality, regeneration, and sedimentary feed-
back processes that interact directly with hydrodynamic
forcing. Insufficient integration between ecological and
physical processes remains a major weakness within
many current modelling frameworks. Continued devel-
opment of eco-hydrodynamic and eco-morphodynamic
modelling approaches is therefore essential for captur-
ing these complex feedback mechanisms under chang-
ing environmental conditions [>% %5759 Such integra-
tion will become increasingly important for evaluating
long-term ecosystem behaviour under sea-level rise and
large-scale restoration scenarios.

Complexity associated with coastal flooding pro-
cesses also remains underrepresented within many
mangrove protection studies. Existing modelling ef-
forts frequently focus on isolated drivers such as wave
attenuation or storm surge while giving limited atten-
tion to compound flooding pathways involving river dis-
charge, rainfall, groundwater fluctuations, and tidal in-
teractions. This simplification reduces the applicability

of findings for real-world coastal management, where
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flooding commonly results from multiple interacting
processes. Future research should therefore incorpo-
rate compound flood dynamics more consistently within

modelling frameworks [3% 47, 681,

More comprehensive
representation of interacting flood mechanisms would
improve risk assessments and strengthen coastal adap-
tation planning.

Representation of modelling uncertainty also re-
quires considerable improvement. Many studies con-
tinue to report single deterministic estimates of wave at-
tenuation or flood reduction despite substantial uncer-
tainty associated with environmental variability, model
assumptions, and parameter sensitivity. Coastal man-
agers and decision-makers require outputs that commu-
nicate uncertainty more transparently through proba-
bilistic analysis, sensitivity ranges, and scenario-based
projections[6% 63791 Greater integration of uncertainty
analysis within hydrodynamic studies would improve
the usefulness of modelling results for policy develop-
ment and coastal planning applications.

Hydrodynamic performance of restored man-
grove ecosystems also remains insufficiently quanti-
fied. Restoration programmes are widely implemented
across many coastal regions, yet most evaluations con-
tinue to focus primarily on ecological indicators such
as survival rates, stem density, above-ground biomass,
structural diversity and spatial coverage [®%l. These indi-
cators do not necessarily correspond directly to flood
protection performance. More research is therefore
needed to assess the wave attenuation and sediment
stabilization functions of restored mangrove systems
and compare them with mature natural forests 13 51,531,
Long-term monitoring remains particularly important
for evaluating whether restored ecosystems can even-
tually achieve comparable levels of hydrodynamic effec-
tiveness.

Emerging technologies offer promising opportuni-
ties to address several of these research challenges. Ad-
vances in remote sensing, unmanned aerial vehicles, and
terrestrial laser scanning now enable high-resolution
mapping of vegetation structure and spatial distribution.
When integrated with hydrodynamic simulations, these
technologies can substantially improve vegetation rep-

resentation and modelling accuracy. However, method-

ological application remains uneven across regions and
would benefit from greater standardisation and data-
sharing practices.

Attention toward governance and socioeconomic
dimensions of coastal protection has also increased in
recent years. Existing research remains heavily concen-
trated on engineering and ecological processes, while
comparatively less attention has been given to institu-
tional capacity, financing mechanisms, insurance frame-
works, implementation barriers, and public acceptance
of hybrid green-gray infrastructure systems. Strength-
ening connections between scientific modelling and gov-
ernance research is therefore essential for translating
theoretical benefits into effective coastal management
practice [+ 63,741,

Geographical concentration of current case stud-
ies presents an additional limitation to the broader ap-
plicability of existing findings. Many investigations re-
main site-specific and may not adequately represent
the diversity of climatic, geomorphological, and hy-
drodynamic conditions observed across global coast-
lines. Comparative cross-regional studies would provide
deeper understanding of the conditions under which
mangrove ecosystems deliver the greatest protective
benefits and would support development of more trans-
ferable coastal design and management frameworks.

Advancing research on mangrove-based coastal
protection will therefore require a transition from
simplified and discipline-specific approaches toward
more integrated, data-rich, and application-oriented
research frameworks. Improving biological realism
within models, expanding empirical datasets, incorpo-
rating dynamic ecosystem interactions, addressing com-
pound flooding, and integrating uncertainty analysis
into decision-making processes should become central
priorities for future investigations. Long-term progress
will also depend on stronger integration among ecolog-
ical science, coastal engineering, hydrodynamic mod-
elling, and governance research to ensure that scientific
advances can support practical and sustainable coastal
adaptation strategies.

Despite substantial progress in understanding
mangrove-mediated coastal protection, several impor-

tant knowledge gaps remain. A large proportion of ex-
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isting studies continue to focus on site-specific investi-
gations, making it difficult to generalize findings across
different environmental settings, species compositions,
and hydrodynamic conditions. Variations in modelling
assumptions, spatial resolution, vegetation parameteri-
zation, and validation procedures further complicate di-
rect comparison among studies.

Another limitation concerns the representation of
mangrove vegetation within numerical models. Many
modelling approaches simplify vegetation characteris-
tics using generalized drag coefficients or idealized
structural parameters, which may not fully capture the
complexity of natural mangrove ecosystems. Greater in-
tegration of field measurements and ecological monitor-
ing data is therefore required to improve model realism
and predictive accuracy.

The review also highlights a growing need for long-
term assessments of protection performance under fu-
ture climate conditions. Although sea-level rise, chang-
ing storm characteristics, and coastal development pres-
sures are frequently acknowledged, relatively few stud-
ies have evaluated their combined influence on the long-
term effectiveness of mangrove-based protection strate-
gies, including mangrove dieback associated with cli-
mate extremes and the impacts of sea-level rise on

coastal freshwater resources (8% 82,

Future research
should therefore prioritize integrated assessments that
combine hydrodynamic modelling, ecological processes,
climate projections, and socio-economic considerations.

Further opportunities exist in the evaluation of hy-
brid coastal defence systems that combine mangrove
ecosystems with conventional engineering structures.
Comparative analyses of ecological, technical, and eco-
nomic performance would provide valuable evidence
for coastal adaptation planning. Addressing these re-
search priorities will strengthen the scientific basis of
mangrove-mediated coastal protection and support the
development of more resilient and sustainable coastal

management strategies.

9. Conclusion

Mangrove ecosystems play an increasingly impor-

tant role in strengthening coastal resilience by reducing

wave energy, moderating storm surge impacts, and sup-
porting natural flood protection processes. This review
synthesized recent scientific literature related to hydro-
dynamic modelling and mangrove-mediated coastal pro-
tection through systematic review, bibliometric analy-
sis, and analytical synthesis of studies published be-
tween 2021 and 2026. Findings from the reviewed lit-
erature demonstrate rapidly growing scientific interest
in mangrove-based coastal protection as coastal regions
face increasing exposure to climate-related hazards and
sea-level rise.

Bibliometric analysis revealed strong interdisci-
plinary collaboration among researchers working across
coastal engineering, environmental science, marine ecol-
ogy, hydrology, and climate adaptation. Keyword
network analysis further identified several dominant
research themes, including hydrodynamic modelling,
wave attenuation, ecosystem services, coastal vulner-
ability, and nature-based solutions. Expansion of
these themes reflects increasing recognition of man-
grove ecosystems as multifunctional natural infrastruc-
ture capable of supporting both flood-risk reduction and
broader environmental sustainability objectives.

Evidence synthesized from the reviewed studies in-
dicates that mangrove forests influence coastal hydrody-
namics through multiple interacting mechanisms. Vege-
tation structures such as aerial roots, trunks, and canopy
layers increase hydraulic resistance, dissipate wave en-
ergy, reduce current velocity, and promote sediment de-
position. These processes contribute directly to shore-
line stabilization and reduction of coastal erosion and
flood impacts. Existing modelling studies consistently
demonstrate that vegetation density, forest width, and
species-specific morphological characteristics strongly
influence attenuation performance and flood reduction
capacity.

Findings from the literature also emphasize that
mangrove-based coastal protection is highly depen-
dent on environmental and geomorphological condi-
tions. Tidal inundation patterns, sediment supply, salin-
ity gradients, coastal morphology, and sea-level rise all
influence vegetation dynamics and hydrodynamic inter-
actions. Mangrove ecosystems therefore function as dy-

namic systems shaped by continuous feedback among
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vegetation growth, sediment accumulation, hydrody-
namic forcing, and environmental change.

Recent advances in remote sensing, LiDAR scan-
ning, geospatial analysis, machine learning, and eco-
hydrodynamic modelling have substantially improved
the ability of researchers to evaluate vegetation-flow in-
teractions and assess the protective functions of man-
grove ecosystems under a wide range of environmental
conditions. At the same time, growing interest in hybrid
coastal protection strategies demonstrates an increas-
ing recognition that effective adaptation may require in-
tegration of ecosystem-based approaches with conven-
tional engineering measures. The comparative synthesis
presented in this review further highlights that coastal
protection performance cannot be explained by a sin-
gle factor, but instead emerges from complex interac-
tions among vegetation characteristics, hydrodynamic
forcing, sediment dynamics, and coastal morphology.

Several important knowledge gaps nevertheless
remain. Many existing modelling studies continue to
rely on simplified vegetation parameterisation, limited
validation datasets, and site-specific assumptions that
restrict broader transferability. Additional challenges
involve representation of compound climate hazards,
vegetation failure thresholds under extreme events,
long-term ecosystem dynamics, groundwater-related
impacts, and uncertainty communication for practical
coastal management applications. Addressing these lim-
itations will require stronger integration between field
observations, ecological monitoring, numerical mod-
elling, and decision-support frameworks.

Future research should move beyond evaluating
whether mangroves provide coastal protection and
place greater emphasis on understanding when, where,
and under what conditions protection functions remain
effective. Priority research areas include improved
representation of vegetation flexibility and vegetation
failure thresholds under extreme hydrodynamic condi-
tions, uncertainty quantification and sensitivity analysis,
long-term ecosystem monitoring, eco-morphodynamic
modelling, and restoration-performance assessment.
Greater attention is also needed to evaluate the long-
term effectiveness of hybrid green-gray coastal protec-

tion systems and to understand how climate change, sea-

level rise, and groundwater-related stressors may influ-
ence future ecosystem performance and protection relia-
bility. Addressing these challenges will require stronger
integration of field observations, ecological monitoring,
numerical modelling, and decision-support frameworks.
Greater collaboration among coastal engineers, ecolo-
gists, hydrologists, climate scientists, and policy prac-
titioners will be essential for developing adaptive and
Overall, the
findings of this review reinforce the importance of man-

evidence-based management strategies.

grove ecosystems as a key component of nature-based
coastal protection while emphasizing that long-term re-
silience depends on integrated consideration of ecologi-
cal processes, hydrodynamic behaviour, environmental

change, and governance systems.
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