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Abstract: For a successful mangrove plantation, previous studies have proposed a small
rubble mound breakwater, termed a “portable reef”, and explored the effectiveness of
such reefs in terms of wave transmission. This study conducted a real-scale wave flume
experiment incorporating a portable reef to assess the oscillatory behavior of young man-
groves. To capture the dynamics of these young mangrove analogs—represented as elastic
bodies—we employed a high-speed camera for precise tracking. A comparative analy-
sis of the oscillatory characteristics was performed, evaluating the responses in both the
presence and absence of the reef. The findings revealed several important points. First,
portable reefs can effectively reduce wave heights, but they reduce plant oscillations to
an even greater degree. Second, by calibrating the elastic modulus of the plant models,
their oscillation behaviors can be analytically predicted. The results of our analytical model
indicate that the acceleration experienced by the plants is amplified under conditions of
shorter wave periods and softer stems, highlighting an increased susceptibility to damage
from short-period waves, particularly in very young mangroves. Third, we identified that
the conventional wave transmission formulas tend to overestimate the reduction in wave
energy attributable to portable reefs, which consequently leads to an underestimation of
the young mangroves’ oscillations. Based on these findings, we propose an integrated chart
that combines wave transmission and plant oscillation coefficients, aimed at enhancing the
design and effectiveness of portable reefs in protecting young mangroves. The insights
obtained from this study will aid in the informed design of portable reefs.

Keywords: portable reef; young mangrove; mangrove plantation; wave transmission; plant
oscillation; real-scale wave experiment; nature-based solutions

1. Introduction
In numerous countries, mangrove plantation initiatives have been launched in re-

sponse to the alarming decline of mangrove forests. In recent years, there has been increas-
ing recognition of the potential for carbon sequestration to establish mangrove plantations,
positioning them as key components within blue carbon ecosystems. Despite these ini-
tiatives, many plantation efforts have not necessarily achieved their intended goals [1,2].
For example, in the Philippines, despite significant financial investments in mangrove
forest plantations, the long-term survival rate of these mangroves remains dismally low,
standing at only 10–20% [3]. Similarly, the success rates of reforestation programs exhibit
considerable variability, ranging from 25% in Vietnam to between 0% and 78% in Sri
Lanka [4,5]. In a mangrove replantation initiative in Malaysia, the water level was too deep
and the sediment deposition was insufficient, resulting in areas with low success rates
in terms of afforestation [6]. Devaney et al. (2021) [7] evaluated the effect of soil salinity
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on the initial establishment of a mangrove plantation in the Saloum delta of Senegal, and
found that the mangrove seedling survival after 1 to 3 years was reduced due to the high
salinity. Mangrove growth is dependent on tidal currents and the sediment they bring.
However, these basic ecological principles are ignored in many mangrove rehabilitation
and restoration programs [8].

A significant factor contributing to this lack of success may be the reliance on a
trial-and-error approach in implementing mangrove plantations owing to an insufficient
scientific understanding of the challenges involved [6,9]. Furthermore, to mask their failure,
stakeholders often report misleading metrics of “success” that focus on the area of land
planted rather than the crucial long-term survival rates of the mangroves themselves [10].
Consequently, an overemphasis on the sheer number of planted trees may hinder a true
assessment of the effectiveness and overall success of these plantation efforts. Science-based
approaches are required to increase the success rate of mangrove plantations and promote
natural regeneration [2,11,12].

Young mangrove ecosystems, which include diverse species such as barnacles and
crabs, are particularly susceptible to a range of environmental threats, such as intense wave
action, unfavorable soil conditions, plastic pollution, and herbivory [5,13,14]. In large-
scale mangrove plantation projects, seedlings are usually nurtured in nurseries for several
months before being transplanted into plantation sites, often in plastic pots. This method
helps to minimize damage from adverse environmental conditions. Conversely, the direct
planting of propagules along coastlines is relatively uncommon due to the heightened risk
of being dislodged by waves. Despite this, direct planting is inherently less complex than
the transplantation of potted seedlings. Based on the growing apprehension regarding the
contribution of plastic bags to marine pollution [15,16], direct planting has emerged as a
more sustainable alternative.

In direct planting, certain wave dissipation strategies need to be implemented during
the establishment phase of young mangroves, as they require time to develop resilient root
systems. The practical effectiveness of breakwaters in protecting mangrove plantations has
been observed in various locations, particularly in Indonesia, Vietnam, and Thailand [17,18].
Nonetheless, the installation of permanent civil engineering breakwaters may impede the
gradual expansion of planted areas or inadvertently cause coastal erosion in surrounding
regions. Therefore, simple community-based measures that are easy to demolish or relocate
are desirable [18]. Several initiatives have been undertaken to protect mangrove plantation
sites on eroded coastlines, notably through the deployment of wooden piles and fences in
areas such as the Mekong Delta of Vietnam and Demak in Indonesia [19–21]. However,
wooden piles for coastal protection are not always environmentally friendly, because they
are less durable and easily damaged; further, the debris can affect mangrove tree stems
and the surrounding coastal ecosystem [22,23]. Therefore, there is a need for mangrove
plantation conservation measures that are simple to install while possessing a certain degree
of durability.

As an innovative approach for coastal protection, community-based portable reefs are
compact and relocatable rubble mound breakwaters with a cross-sectional area of ~1 m2.
This approach was thoroughly examined by Sreeranga et al. [11,24,25], whose findings
revealed that such small reefs can significantly diminish wave transmission. Thus, even a
modest permeable structure can effectively serve as a rudimentary breakwater, offering
vital protection for young mangroves. However, Takagi et al. [12] highlighted a critical issue,
in that young mangroves experience pronounced oscillations due to short-period waves,
even when the wave heights are minimal. This phenomenon arises from the resonance
that occurs between the waves and the inherent elasticity of mangrove stems. Strong
oscillations pose a significant risk to the delicate leaves and stems of these vulnerable plants.
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Therefore, community-based coastal protection strategies should prioritize mitigating
these oscillations in young mangrove plants, rather than focusing exclusively on wave
energy dissipation.

This study not only emphasizes the importance of addressing wave transmission but
also calls for a re-evaluation of the design considerations for portable reefs. Specifically,
there is a need to focus on the oscillatory dynamics experienced by plants situated behind
the reef, ensuring that protective measures are comprehensive and effective in promoting
the resilience of young mangroves. To identify the critical design factors, a real-scale wave
flume experiment is conducted by embedding an elastic body mimicking a real young
mangrove into the flume bed, and the oscillatory characteristics of plants with and without
a portable reef are carefully analyzed based on both experimental and analytical methods.
This study examines the relevance of established wave transmission formulas in the context
of portable reef designs. Furthermore, we propose a novel wave transmission chart specif-
ically tailored for the design of portable reefs aimed at safeguarding young mangroves.
Note that in ordinary civil engineering practice, the term “low-crested breakwater” might
be used in the context of a compact wave-dissipating structure. In this study, however,
the emphasis is on the small size and portability, and therefore, the term “portable reef” is
used hereafter.

2. Methodology
2.1. Wave Flume Experiment

An overview of the wave flume utilized in this research is provided in Figure 1. The
wave flume measures 29 m in length, 0.5 m in width, and 1.0 m in height, featuring a wave
absorber positioned at the end of the channel. This wave absorber consists of a bundle of
curled thin wires, with a length of 2 m in the direction of the channel. The wave generation
system is also equipped with a system that actively absorbs reflected waves based on the
method of Frigaard and Brorsen [26].

J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 4 of 25 
 

 

2 s, and the wave heights were smaller than 15 cm [27]. Therefore, the wave period for the 

experimental setup was defined as 2 s. The wave conditions in wave experiments are often 

determined based on the Froude similarity law. In this experiment, the similarity law was 

not specifically considered because the present experiment was almost at the real scale, 

accounting for the conditions of a mangrove forest at our study site, which is located in 

the innermost part of Sumiyo Bay on Amami Island, Japan. 

Although the waves generated in the experiment are small, even this level of wave 

would be damaging to young mangroves. Sreeranga et al. [11] conducted a manual wave 

generation test on Amami Island to test the toppling limits of young mangroves against 

waves and found that a one-month-old mangrove was completely submerged under wa-

ter by the continuous action of a 10 cm wave height. 

In this experiment, the slope between the offshore and shore-side beds was main-

tained at a ratio of 1:30. This slope is considered to be steeper than that of a natural coast 

with mangrove vegetation. For example, the coastal slope of the Amami mangrove forest 

was approximately 1:100 [27]. The beach slope affects the type of wave breaking and run-

up distance; nevertheless, in this study, the effect of the slope is considered less important 

because the focus is on the difference in wave transmission due to the presence or absence 

of the portable reef and the oscillatory characteristics of young mangroves (i.e., the wave 

deformation process from offshore to the shore is not very important). In addition, the 

location where nature-based solutions are deployed may not only be a mild beach but also 

a steep beach where larger waves directly hit the shore. 

 

Figure 1. Schematic of the wave flume experiment (units: mm). 

  

Figure 1. Schematic of the wave flume experiment (units: mm).



J. Mar. Sci. Eng. 2025, 13, 734 4 of 24

To facilitate the anchoring of the mangrove model, a 0.26 m thick mortar bed was
constructed to create a hole for installing a cylinder. Without this hole, the cylinder holding
the mangrove models would have to be placed directly on the flume bed, inevitably
affecting the oscillatory behavior. Regular wave generation was employed to analyze
the primary oscillatory characteristics of the mangrove models. A wave gauge (model
CHT6-30, KENEK Co., Ltd., Tokyo, Japan) was strategically placed at the same location as
the mangrove models, specifically 3 m behind the reef, to capture wave data at a sampling
frequency of 20 Hz. Each experimental trial lasted approximately 90 s; however, a 1 min
interval, from 20 s to 80 s, was selected as the valid experimental timeframe for further
analysis to ensure data consistency across various cases. The wave transmission coefficient
was determined by calculating the ratio of the wave height under reef conditions to that in
the absence of reefs, utilizing the 1 min dataset.

The incident wave heights were modulated such that the target wave heights with-
out reef conditions were 8, 12, and 16 cm at the mangrove model location, whereas the
wave period was set constant at 2 s (Table 1). The experiments were performed at two
specific depths: 30 cm, representing medium tide, and 50 cm, indicating high tide. These
experimental conditions were based on the insights provided by Sreeranga et al. [11] and
Takagi [27], who evaluated the wave and tidal levels during normal weather and severe
typhoon events affecting the mangrove forest on Amami Island, Japan. Their research
revealed using a coupled weather, wind wave, and storm surge model that the offshore
wave periods exceeded 6 s as a strong typhoon approached, whereas in the innermost
bay area, where the mangrove forest is located, the wave periods were notably shorter,
averaging around 2 s, and the wave heights were smaller than 15 cm [27]. Therefore, the
wave period for the experimental setup was defined as 2 s. The wave conditions in wave
experiments are often determined based on the Froude similarity law. In this experiment,
the similarity law was not specifically considered because the present experiment was
almost at the real scale, accounting for the conditions of a mangrove forest at our study site,
which is located in the innermost part of Sumiyo Bay on Amami Island, Japan.

Although the waves generated in the experiment are small, even this level of wave
would be damaging to young mangroves. Sreeranga et al. [11] conducted a manual wave
generation test on Amami Island to test the toppling limits of young mangroves against
waves and found that a one-month-old mangrove was completely submerged under water
by the continuous action of a 10 cm wave height.

In this experiment, the slope between the offshore and shore-side beds was maintained
at a ratio of 1:30. This slope is considered to be steeper than that of a natural coast with
mangrove vegetation. For example, the coastal slope of the Amami mangrove forest was
approximately 1:100 [27]. The beach slope affects the type of wave breaking and run-up
distance; nevertheless, in this study, the effect of the slope is considered less important
because the focus is on the difference in wave transmission due to the presence or absence
of the portable reef and the oscillatory characteristics of young mangroves (i.e., the wave
deformation process from offshore to the shore is not very important). In addition, the
location where nature-based solutions are deployed may not only be a mild beach but also
a steep beach where larger waves directly hit the shore.

Before conducting the reef-related experiments, the oscillatory behavior of the man-
grove model was meticulously monitored without the presence of the reef to investigate
the dynamics and behavior of the model under unprotected conditions. The reflection
coefficients (i.e., the performance of the wave absorber), measured in the absence of the
portable reef, ranged from 0.23 to 0.29. These coefficients were obtained from the time
series of the water levels at two locations on the offshore side using the method of Goda
and Suzuki [28]. Thus, in the absence of a portable reef, the mangrove models were slightly
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affected by the reflected waves from the edge of the flume; nevertheless, the effect was
practically negligible.

Table 1. Experimental conditions and reliability of the oscillation analysis based on the time-series
data acquired with a high-speed camera. Quality category: [A] data acquisition is nearly perfect,
[B] data acquisition has partially failed, [C] data acquisition mostly failed, [N/A] no observations
carried out.

Small Model (Height of Plant: 215 mm Above the Floor)

Structure Without Reef With Reef

Water Depth 30 cm 50 cm 30 cm 50 cm

Track Point Low Middle Top Low Middle Top Low Middle Top Low Middle Top

Ta
rg

et
w

av
e

he
ig

ht
an

d
pe

ri
od

8 cm 2 s A A B A A A A A A A A A

12 cm 2 s A A B A A A A A A A A A

16 cm 2 s A A B A A A A A A A A A

Medium model (Height of plant: 290 mm above the floor)

Structure Without reef With reef

Water depth 30 cm 50 cm 30 cm 50 cm

Track point Low Middle Top Low Middle Top Low Middle Top Low Middle Top

Ta
rg

et
w

av
e

he
ig

ht
an

d
pe

ri
od

8 cm 2 s A A B N/A N/A N/A A A A N/A N/A N/A

12 cm 2 s A B B N/A N/A N/A A A A N/A N/A N/A

16 cm 2 s A B B N/A N/A N/A A A A N/A N/A N/A

Large model (Height of plant: 350 mm above the floor)

Structure Without reef With reef

Water depth 30 cm 50 cm 30 cm 50 cm

Track point Low Middle Top Low Middle Top Low Middle Top Low Middle Top

Ta
rg

et
w

av
e

he
ig

ht
an

d
pe

ri
od

8 cm 2 s A B C N/A N/A N/A A A A N/A N/A N/A

12 cm 2 s A B C N/A N/A N/A A A B N/A N/A N/A

16 cm 2 s A C C N/A N/A N/A A B B N/A N/A N/A

A real reef structure was constructed approximately 3 m offshore from the mangrove
model to evaluate the plant oscillations under protected conditions. The crest of the reef
was strategically situated 20 cm above the medium tide level (depth: 30 cm) and was in
alignment with the high-tide level (depth: 50 cm).

Although the incorporation of live mangroves into the wave flume would have been
ideal for a more realistic assessment, the risk of damage to these delicate plants during re-
peated wave tests warranted a cautious approach. The loss of fragile leaves can significantly
alter the oscillatory dynamics of the mangrove model. To avoid such uncertainties, durable
mangrove models were created based on observations of Kandelia obovate species through
field surveys of the Amami mangrove forest and indoor mangrove growth tests [11,12].
The three distinct sizes of the model plants utilized herein are depicted in Figure 2. The
structures were constructed using a combination of plastic soft tubes, which served as the
upper flexible stems, and acrylic cylindrical tubes, functioning as the lower rigid stems.
Each stem was equipped with two to six leaves, attached using nonwoven material. To
enhance both the stiffness and the elasticity, a stainless-steel spring rod with a diameter of
1 mm was inserted into the soft tubes (external diameter: 7 mm). The roots of these models
were crafted from polymorph-moldable plastic pellets. Since the pairs of leaves grew in
the early months, we created three model types (2-, 4-, and 6-leaf), which were denoted
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as the small, medium, and large models, respectively. The stiffness of the model was not
necessarily the same as that of a real young mangrove; rather, we created the model using
slightly stronger materials to withstand repeated wave action. Takagi et al. [12] compared
the oscillation of a 2-month-old mangrove (Kandelia obovata) and a model mangrove using
the same material as in the present experiment, and they found that the free oscillation
period in air was less than 0.5 s in both cases. In the present experiment, 2 s waves were
generated, which is longer than the natural period of the model mangrove, implying that
the elastic models were shaken by the wave forces and that no resonance between the
waves and the model is expected to occur.
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Figure 2. Model mangroves of (a) three different sizes, and (b) fitted to the holes in the mortar floor.

To assess the differences in the oscillation patterns with and without the reef, a high-
speed camera (Phantom Miro LC311, Vision Research Inc., Wayne, NJ, USA) recorded
the oscillation of the mangrove model at a rate of 100 frames per second. The camera’s
minimum resolution of approximately 0.1 mm was considered adequate for tracking
the movements of elastic objects swaying in wave motions. The motion analysis of the
mangrove model was conducted using automatic tracking software (Phantom Camera
Control Ver 2.6, Vision Research Inc., NJ, USA), which monitored three distinct tracking
points, as depicted in Figure 3. In this research, the displacement is defined as the total
horizontal movement induced by cyclic wave forces.

Despite the careful measurements, challenges involving the loss of tracking were
frequently encountered, especially in the medium and large plant models, as the tracking
points were often submerged and emerged in tandem with the oscillation of the waves.
For the small plant model that was completely underwater, the three tracking points
were almost visible. Nonetheless, the analysis was incomplete (Table 1). To achieve data
homogeneity, a series of analyses were performed, with a primary focus on the midpoint of
the small model (Figure 3c).
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Figure 3. Experimental setup: (a) three tracking points—A: top, B: middle and C: low; (b) equipment
set up to observe the young mangrove model embedded in the mortar floor, and (c) tracking points
on the small-size model.

In the context of this research, a “portable reef” is defined as a small rubble mound
that can be easily constructed, dismantled, and relocated through human effort. According
to a field survey by Zhang et al. [29], recently planted mangrove forests (2–6 years after
planting) in Guangdong Province, China, withstood a storm surge of up to 1.74 m and a
wind wave of up to 1.16 m caused by Typhoon Mangkhut in 2018 without critical damage
or uprooting. Takagi [27] also investigated the survival of young planted mangroves
in a calm bay environment. A strong typhoon (Typhoon Haishen) passed near Amami
Island 16 months after the planting of Kandelia obovata. Although they were planted at
the frontal edge of the intertidal zone, most of young mangroves survived without visible
damage. Therefore, the performance of breakwaters should last for one to two years until
the mangroves can withstand high waves. Large rubble breakwaters can serve as protection
for mangrove plantations and are being implemented in some places (Figure 4). However,
it is too cumbersome to move the stones once they are in place.
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Figure 4. A successful mangrove plantation in Samut Prakan, Thailand. However, the rubble break-
water stopped the forest expansion. The mangroves were initially protected by bamboo breakwaters,
but they were damaged by waves and no longer serve their purpose [photograph captured in May
2018 by the first author].

In contrast, portable reefs are structures that can be easily relocated so that the plan-
tation area can be gradually expanded. If the stones are sufficiently light, they can be
manually placed on a boat and carried a little further out to sea. This task can be under-
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taken by local community members without the need to hire professional construction
workers. To evaluate the feasibility of masonry work within a local community, in this
experiment, a reef was constructed in the wave flume, predominantly by two female mem-
bers, with assistance from male members (Figure 5). The stones, each weighing up to 10 kg,
were manually stacked without machinery; however, the construction of the reef within
the 0.5 m wide flume required ~30 min to complete.
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Crest height = 0.5 m, crest width = 0.5 m, bottom width = 2.5 m, and side slope = 1:2.

2.2. Analytical Solution for Plant Oscillation

In mature mangroves, the wave energy attenuation due to the root density, which
varies with the water depth, and the trunk diameter complicate the modeling [30]. In
contrast, young mangroves have no aerial roots after planting, making modeling simple.
Instead, young mangroves are characterized by their high elasticity, exhibiting significant
deflection when subjected to wave action, as demonstrated in Figure 6. In their study,
Takagi et al. [12] proposed an analytical solution for the displacement of the plant, denoted
as γ, represented in the following equation:

d2γ

dt2 + 2cω0
dγ

dt
+ ω2

0γ =
F
m

cos ωt (1)

where t represents the time, m signifies the mass, F denotes the wave force, ω and ω0

represent the angular frequencies of the wave and plant, respectively, and c refers to the
viscosity damping coefficient.
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The horizontal displacement at the top and an arbitrary height y from the ground can
be calculated as follows:

γtop =
pl4

8EI
(2)

γ = γtop

{
2
(y

l

)2
− 4

3

(y
l

)3
+

1
3

(y
l

)4
}

(3)

where p denotes the wave pressure, l indicates the plant length, E represents the elastic
modulus, and I symbolizes the second moment of area.

Three-point bending flexural tests are often used to determine E. These tests are
performed under a gradually increasing load, i.e., static loading conditions. However,
wave action is a dynamic loading process due to reciprocating motion, and hence, E may
differ from the results obtained under static conditions. Consequently, we attempted to
estimate E in Equation (2) by fitting it with the oscillation of an elastic body under waves in
the experiment.

The wave force can be quantified using the following equation:

F(t) =
(

1
2

ρCDϕuwcos
2πt
T

∣∣∣∣uwcos
2πt
T

∣∣∣∣− 1
4

ρCMπϕ2uw
2π

T
sin

2πt
T

)
l (4)

where T denotes the wave period, ρ indicates the water density, ϕ indicates the plant
diameter, uw denotes the wave-induced fluid velocity, and CD and CM represent the drag
and mass coefficients, respectively (refer to Takagi et al. (12) for details).

Although Equation (4) corresponds to linear waves, it does not necessarily provide
the exact wave force due to breaking waves or nonlinear waves in shallow waters. A
more accurate prediction of the wave forces is possible with advanced numerical modeling,
but it may not be practical for the study of young mangrove oscillations. Note also that
the wave force acting on an elastic body is not the same as the wave force acting on a
rigid body because the force distribution changes with deflection. Naturally, the greater
the deflection, the greater the difference in the force distribution between the elastic and
rigid bodies. As described later, the maximum deflection displacement observed in this
oscillation experiment was approximately 15 mm and the height of the elastic body was
215 mm (i.e., a deflection angle θ of nearly 4◦ is expected). For such small angles, the
bending of the elastic body is considered negligible (i.e., tan θ ≈ θ).

In scenarios where the damping constant is negligible, the second-order ordinary
differential equation (presented in Equation (1)) can be resolved in the following manner:

γ = A
(

cos(ωt − α)− cos αcos ω0t − ω

ω0
sin αsin ω0t

)
(5)

where A represents the amplitude of the oscillation, which is influenced by various factors,
including the wave height, wave period, and plant length. The variable α denotes the
phase of the oscillation. When the angular frequencies of the wave and the plant converge
closely, resonance occurs, leading to synchronization between the cyclic waves and the
oscillatory motion of the plant. The natural period of a young mangrove of the species
Kandelia obovata is estimated to be 0.36 s [12]. As mentioned earlier, this natural period is
significantly shorter than the wave period of 2 s employed in the current regular wave
experiments, suggesting that resonance did not occur in this context.

2.3. Applicability of Existing Wave Transmission Formula

Through benchmark tests, Hassanpour et al. [31] identified the d’Angremond formula
as particularly robust among the existing wave transmission formulas for rubble mound
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breakwaters. d’Angremond et al. [32] proposed a formula for estimating the wave trans-
mission coefficients Kt, which is applicable to both emerging and submerged breakwaters:

Kt = −0.4
(

R
Hi

)
+ 0.64

(
B
Hi

)−0.31

(1 − exp(−0.5ξ)) (0.075 < Kt < 0.80) (6)

Here, Hi denotes the incident wave height, R indicates the crest elevation, B specifies
the crest width, and ξ represents the surf similarity parameter. Table 2 lists the symbols
that are needed for the design of portable reefs.

Table 2. List of the symbols used in the portable reef design.

Symbol Definition Symbol Definition

Kt Wave transmission coefficient H Wave height

T Wave period R Crest elevation

B Crest width ξ Surf similarity parameter

h Water depth E Elastic modulus

Po Plant oscillation coefficient Hs Significant wave height

Hmean Mean wave height Hmax Maximum wave height

Hw/o Wave height without reef

The forthcoming sections will examine the applicability of the d’Angremond formula
to actual-sized portable reefs, employing experimental data acquired from six distinct reefs
with cross-sectional areas ranging from 0.57 to 1.05 m2 (Figure 7). The experimental data
are detailed in Appendix A.
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The portable reef utilized in the current experiment is shown in Figure 5, with its
geometric configuration and dimensions detailed in Figure 7a. Figure 7b–f show the
portable reefs examined in prior studies conducted by Sreeranga et al. [11,24,25]. As
described in Section 2.1, the mangrove model oscillation experiments were performed
for regular waves. In contrast, the evaluation to confirm the existing wave transmission
formula was based on irregular (random) waves. The irregular wave experiments were
carried out using a piston wave generator with the active wave absorption system (AwaSys,
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Aalborg University). A pair of offshore wave gauges were used to separate the incident
and reflected waves using AwaSys. The waves were generated to reproduce a spectral
waveform, termed the modified Bretschneider–Mitsuyasu spectrum [33]. The stones used
in these experiments weighed between 2 and 10 kg and measured 15–20 cm, exhibiting a
porosity of approximately 40%. Importantly, Figure 7f presents a reef constructed from 3 kg
wave-dissipating blocks (tetrapods) characterized by a porosity of 50%.

The significant wave heights were calculated to facilitate the analysis of the wave
transmission. Specifically, all these experiments were limited to a wave period of approxi-
mately 2 s. Although the results may not be comprehensive, the effect of the wave period
on the wave transmission is expected to be relatively small [34].

3. Results and Discussion
3.1. Summary of Experimental Results

Figure 8 presents a time-series analysis of the experimental findings, focusing on a 10 s
interval within the valid 1 min dataset. Each figure delineates the fluctuations in the water
levels alongside the oscillatory behavior of the mangrove model, contrasting scenarios
with the presence and absence of the reef. Notably, the oscillations of the mangrove
model display a considerable sensitivity toward wave activity. In the absence of the reef,
the waveform maintains a relatively stable profile at a depth of 50 cm, while exhibiting
significantly greater variability at a depth of 30 cm. This observation likely stems from the
nonlinear characteristics of waves in shallow water environments.
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(six cases: h = 30, 50 cm; H = 8, 12, 16 cm) at 3 m behind the reef (Figure 1).

A comparative analysis between the reef and non-reef scenarios reveals that the
reef effectively dampens the oscillatory movements across all the observed instances.
Specifically, the wave attenuation is substantially more pronounced at a depth of 30 cm in
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the presence of the reef, highlighting the critical influence of tidal conditions. Additionally,
the waveform shows a tendency to bifurcate into two distinct peaks at a depth of 50 cm,
an occurrence that was not observed at 30 cm. This bifurcation may be attributed to the
turbulence generated by the wave breaking over the reef structure. Previous studies have
established that the wave spectrum transitions from a fundamental frequency to higher
frequencies due to nonlinear interactions over submerged breakwaters [35]. As a result,
these interactions empower the reef to create significant turbulence, especially during
high-tide events, leading to the regular but non-constant oscillation patterns of vegetation
positioned behind the reef.

The performance of the reef is evaluated quantitatively in Figure 9a,b, which compare
the extent to which the wave height and mangrove model oscillations are reduced by
the reef. The wave heights and oscillatory horizontal displacements are the averaged
measurements of approximately 30 waves recorded during a valid 1 min interval. The
diagonal lines depicted in the figures indicate instances where the horizontal and vertical
values are equivalent. At a depth of 50 cm, the wave attenuation is noticeably lesser than
that observed at a depth of 30 cm, while the oscillations are markedly pronounced. Figure 9c
demonstrates a tendency in the plots toward greater oscillatory reductions, implying that
the oscillations experienced by the mangroves could be diminished to a greater extent than
the wave heights themselves.
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Figure 9. Performance of the reef: (a) wave heights with and without the reef, (b) oscillatory horizontal
displacements with and without the reef, and (c) reduction in wave height vs. oscillation.

As expressed in Equation (4), the force exerted on the plant stem is directly pro-
portional to the square of the flow velocity. Linear theory posits that the flow velocity
correlates directly with the wave height; consequently, the force is proportional to the
square of the wave height. This relationship may elucidate the observed phenomenon of
greater oscillatory attenuation in the plant compared to the attenuation of wave heights.

Figure 10 illustrates the variability in the oscillatory response to waves, contingent
upon the dimensions of the mangrove model. As detailed in Table 1, the track analysis
for the medium- and large-sized mangrove models exhibits lower accuracy; nonetheless,
the nine plots presented in this figure are classified as Class A (where data acquisition was
nearly flawless), with the exception of one plot categorized as Class B (indicating a partial
failure in data acquisition).
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The largest displacements occurred in the small model, whereas the displacements
in the medium and large models were both small. This is because the small-scale model
was entirely submerged in water and subjected to wave pressure uniformly across its
surface, whereas the leaf elements of the medium and large models extended partially
or fully into the air, thereby contributing to the oscillation suppression. This finding
corroborates previous field observations that demonstrated a reduction in oscillation as
young mangroves mature, becoming taller and stiffer [11,12].

3.2. Detailed Analysis of Oscillatory Characteristics

Figure 11 presents the correlation between the wave height and the oscillatory dis-
placement of the mangrove model, drawing from both the experimental and analytical
data. As the oscillation patterns exhibited spatial variations, horizontal displacements were
recorded at three distinct heights of the small mangrove model.
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to the wave height variations. Analytical results for three elastic moduli, E = 0.3, 0.6, and 1.2 GPa.
The trend line for 0.6 GPa is the best-fit line.
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To accurately estimate these displacements analytically using Equations (2) and (3), it
was imperative to determine a suitable constant for the elastic modulus. The selected value
of E = 0.6 GPa aligns closely with the experimental findings, particularly at the midpoint of
the measurement. Furthermore, according to the MatWeb database of material properties
(https://www.matweb.com/), this modulus is comparable to that of medium-density
polyethylene, which ranges from 0.35 to 0.84 GPa, reflecting the similar characteristics of
the materials utilized in the present mangrove model.

Hang et al. [36] conducted a three-point bending test on a branch cut from a 3 m high
Kandelia obovate, showing that the elastic modulus ranged from 0.75 to 1.81 GPa for branch
diameters of 5.9 mm to 34.9 mm. The elastic modulus of the mangrove model used in
this study was estimated to be 0.6 GPa for a diameter of 7 mm, which is similar to the
value of 0.75 GPa for 5.9 mm. Note, however, that the elastic modulus in the present study
is essentially different from that obtained by Hang et al. [36]. We estimated the elastic
modulus under a dynamic loading condition using Equation (2), as described in Section 2.2.

The larger sway range at the top position in the experiment compared to the analytical
results may be caused by the extra force received by the attached leaves, which was
not modeled in the analysis. Although the experiment successfully generated regular
waves, the resultant wave characteristics were not consistently uniform, which may have
influenced the observed oscillations.

Notably, the relationship between the wave height and the displacement exhibited a
quadratic rather than a linear increase. The damping effect on the oscillations was consid-
erably more pronounced compared to the attenuation of the wave heights, as elaborated
in the preceding section. Figure 12 provides a comparative analysis of the experimental
results with and without the presence of a reef, revealing that the oscillations diminish
significantly as the wave height decreases under the experimental and analytical settings.
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Furthermore, beyond the horizontal displacement, young mangroves may incur dam-
age due to the intense acceleration experienced by their leaves. To elucidate this issue,
Figure 13 illustrates the acceleration and displacement observed at the apex of the small
mangrove model. Although the elastic modulus of the model is estimated to be 0.6 GPa,
it is important to note that the actual elasticity of young mangroves is likely to vary. For
instance, a reduction in the elastic modulus to 0.3 GPa would double the horizontal dis-
placement, whereas an increase to 1.2 GPa would halve the displacement. The data indicate
that acceleration increases with a decrease in stiffness, suggesting that younger mangroves
with softer structures are more susceptible to oscillatory movements.
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Figure 13b further illustrates the differential impact of the wave period on the displace-
ment and acceleration. Specifically, the displacement is relatively insensitive to changes
in the wave period, whereas the acceleration demonstrates significant fluctuations in re-
sponse to varying wave periods. If the wave height is 18 cm and the period is as short as
1 s, the acceleration is 2.8 times that at 2 s, which is greater than the acceleration due to
gravity (=9.8 m/s2). This finding indicates that an increase in the presence of short-period
waves is associated with heightened oscillatory movements in plants, which could be
detrimental to the health of young mangroves. Significantly, experiments involving waves
characterized by even shorter periods may trigger disproportionately large oscillations
due to the resonance effects with the natural frequency of young mangrove species, as
previously highlighted.

3.3. Benefits of Reduced Oscillation

Although not the primary objective of this paper, the possibility of young mangroves
being damaged by waves is also briefly discussed. We have previously conducted uprooting
resistance tests on young mangroves in the mangrove forest on Amami Island. As shown
in Figure 14, the maximum resistance of several young mangroves (Kandelia obovate),
considered to occur approximately 1 to 6 months after germination, was tested with a
digital force gauge and found to be approximately 10 to 30 N. Figure 15 shows the wave
force calculated using Equation (4) for the small plant model subjected to regular waves
with a wave height of 16 cm and a period of 2 s. Since the stem diameter is assumed to be
small (7 mm), the maximum wave force is estimated as small as 0.3 N.
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The wave forces are transmitted to the roots and produce a vertical uprooting force;
nevertheless, the latter force is expectedly smaller than the former one. Therefore, in natural
environments, root uprooting is not expected to occur due to wave forces. However, if the
ground experiences erosion by waves, the resistance of the roots can reduce; this possibility
will need to be considered separately.

The effect of oscillation on the damage to the leaves was also not investigated in this
study because it has to be studied on actual mangroves rather than model mangroves. In
this regard, it will be necessary to consider both the negative and positive aspects of plant
oscillation. Strong oscillations caused by waves have a negative impact on mangroves be-
cause they can cause physical damage to mangrove leaves. Moderate oscillations, however,
can have a positive influence on photosynthesis because they may agitate the surrounding
air and promote CO2 absorption and plant growth [37]. Thus, oscillations also affect the
temperature of the leaf surface. Cold stress can negatively affect plant growth and proper
functioning because it reduces the photosynthetic capacity and causes physical damage to
the leaf tissue [38]. On the other hand, an increase in temperature is believed to decrease
photosynthesis and increase respiration in plants, causing a number of negative impacts
on the ecosystem [39]. Therefore, the design of portable reefs will need to strike a balance
between the complete elimination of waves and the allowance of some waves.
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3.4. Applicability of d’Angremond Formula to Portable Reefs

Figure 16 compares the wave transmission coefficients (Kt) calculated using the
d’Angremond formula (Equation (6)) and the experimental Kt values obtained from the six
portable reef structures (Figure 7).
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Figure 16. Comparison of the wave transmission coefficients by the d’Angremond formula and
real-size reef experiments (refer to the reef variations in Figure 7) [32].

The d’Angremond formula consistently underestimated the Kt values relative to
the experimental data gathered from the portable reefs. Notably, the formula yielded a
minimum Kt value of 0.075 across all the conditions where the reef had emerged, leading
to an overestimation of the wave attenuation. This was especially evident when waves
traversed the porous reef structure.

In the present full-scale portable reef experiments, a 1:1 scale ratio was employed,
ensuring that both the wave dynamics and the stone dimensions were accurately rep-
resented at actual size. In contrast, the existing formula typically necessitates that the
stones used in experimental settings adhere to similarity principles, often resulting in
smaller stones than those implemented at the construction site. For instance, in a European
project (DELOS) that comprehensively studied the effectiveness and stability of low-crested
structures in dissipating waves, the sizes of the rubble stones used in the experiments
were as small as 3.3 cm and 1.5 cm for the outer armor and inner core, respectively [40].
Previous investigations into wave transmission have utilized relatively small stones, with
diameters measuring 5.9 cm [34], 4 cm [41], and 6.3 cm [31], despite the need for design
waves to exceed several meters in height. In contrast, the current portable reef design is
characterized by a single-layer structure, whereas traditional rubble mound breakwaters
consist of multiple components. These components include cores, underlayers, armor
stones, berms, crown walls, scour protection, and toes, incorporating stones or blocks of
varying sizes [42].

Research by Van der Meer and Daemen [43] indicated that smaller stones contributed
to diminished wave transmission, suggesting that the wave energy is attenuated more ef-
fectively. This phenomenon can be understood through the concept of quadratic resistance,
which arises from the turbulence generated by flow through a permeable structure; this
resistance increases as the size of the particles decreases [44]. Consequently, the current
wave transmission formulas may not be applicable to portable reef scenarios, as they often
overestimate the wave energy attenuation. This overestimation consequently leads to an
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underappreciation of the oscillatory movements experienced by young mangroves located
behind the reef.

3.5. Wave Transmission Chart for Portable Reef Design

As discussed, the existing wave transmission formulas appear ill-suited to the design
of portable reefs. Instead, an estimation chart of the wave transmission coefficient (Kt) was
proposed (Figure 17) based on the real-size portable reef experiments with six different
dimensions. The right vertical axis represents the plant oscillation coefficient (Po), which
quantifies the oscillatory movement of young mangroves in both the presence and absence
of reefs. This coefficient is based on the principle that the oscillatory displacement is
theoretically proportional to the square of the wave height, mathematically expressed as
Po = Kt2.
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Although the chart relies on data pertaining to significant wave heights (Hs), utilizing
the mean or maximum wave heights could offer a more practical approach for community-
based assessments. Figure 18 demonstrates the conversion process from the mean or
maximum wave height to the significant wave height, illustrating the findings derived from
the experimental data. The correlation between the significant wave height and the mean
wave height aligns closely with the theoretical relationship established by the Rayleigh
distribution, represented as Hs = 1.6·Hmean.

The commonly used wave transmission formulas often incorporate the relative crest
height (R/H) to depict the reef geometry; however, the present chart employs the relative
crest depth, defined as (h − R)/H. This modification enhances the clarity of the plot,
particularly by distinguishing between emerged and submerged reefs, as each line is
continuously represented.

Within the specified range of the relative crest depth of 1–9, the Kt values for the
portable reefs exhibited variability, spanning from 0.15 to 0.9, with a cross-sectional area
ranging from 0.57 to 1.05 m2. Notably, the wave transmission phenomena were most
significant when the reef crest was submerged, highlighting the critical role of the reef
geometry in influencing the wave dynamics. For example, the reef conditions emerging
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in Stones 2, 3, and 4 can be expected to provide adequate wave attenuation in the range
of Kt = 0.15–0.35, whereas it will be greater than 0.5 under submerged reef conditions. To
optimize the energy dissipation, it is beneficial to elevate the reef crest above the designated
tidal level.
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However, during high tide, it may be challenging to secure an adequate number of
stones to raise the reef crest. Even when the coefficient Kt is relatively high, it is possible to
observe a low value of Po, particularly if the attenuation of the plant oscillation surpasses
that of the wave attenuation. Additionally, previous studies suggest that a duration of less
than one to two years is sufficient to protect young mangroves [11,27,29]. Thus, submerged
reefs may prove effective in areas characterized by calm wave activity.

The following procedure details the application of this chart:

i. The water depth and significant wave height at the proposed reef site should be
assessed, followed by the calculation of the relative crest depths for six different reef
geometries (refer to Figure 7). In cases where only the mean or maximum wave height
data are available, this information needs to be converted to the significant wave
height, as demonstrated in Figure 18.

ii. Consider whether the reef will be submerged or emergent under the designed tidal
conditions. If both submerged and emergent configurations are feasible, one should
opt for an emergent reef alternative.

iii. The allowable wave transmission and/or plant oscillations (coefficients Kt and Po)
should be calculated for the proposed reef using Figure 17 to ensure compliance with
the established allowable limits. If these criteria are not satisfied, the height of the reef
crest increases.

In addition, since portable reefs are intended for the initial protection of mangroves
and are not a permanent measure, care should be taken to ensure that the cross-sections are
not too large.

4. Conclusions
In this study, we conducted real-scale wave experiments and analytical assessments

focusing on young mangrove models situated behind a community-based breakwater,
referred to as a “portable reef”. Wave dissipation plays a crucial role in safeguarding
young mangroves, which do not require the robust dimensions typical of conventional
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civil engineering breakwaters. However, there is a notable absence of design guidelines
related to their minimum dimensions. Although the utilization of portable reefs has led to
a significant reduction in the wave height, even minor wave actions can exert considerable
stress on young mangroves, thereby posing a serious threat to their survival. The outcomes
of this research are pivotal for the effective design of portable reefs, as outlined below:

� The present findings indicate that it is possible to reduce the wave transmission
coefficient, Kt, to below 0.3 when the reef is in an emerged state. Conversely, Kt

exhibits a significant increase when the reef crest is submerged. Although some
degree of wave transmission is inevitable, the careful placement of portable reefs
can effectively reduce the oscillation experienced by young mangroves to negligible
levels. This is because the damping effect on the plant oscillations is greater than the
damping of the waves themselves.

� The results of our experiments and analytical models provide valuable insights into the
various factors that pose risks to young mangroves. Notably, an increase in the short-
period wave activity is associated with heightened oscillations in plant structures,
which can be detrimental to low-rigidity mangroves at critical early developmental
stages. As these young mangroves grow and their leaves rise above the water surface,
the oscillation effects diminish.

� Existing wave transmission equations such as the d’Angremond formula may not be
appropriate for the design of portable reefs, as they tend to overestimate the efficacy
of such structures. To address this gap, we have developed a new chart that illustrates
the relationship between the wave transmission and the plant oscillations behind
portable reefs. Using this chart, the required cross-section can be easily determined
based on several parameters, such as the design tide level, wave height, and reef
geometries, which will aid in the design and implementation of these protective
measures for young mangrove ecosystems.

However, the present study was conducted under limited conditions. Although the
experiment used a model mangrove, the actual elasticity of young mangroves is likely
to vary. Kandelia obovate was specified as the mangrove species in this study, but young
mangroves of other species may grow at different rates and in different ways. The short-
period wave of around 2 s was carefully analyzed. Nonetheless, the effect of a longer
period should also be considered. Furthermore, the behavior of mangrove oscillations
may change as bed scouring by waves is unavoidable. Since the effects of oscillation on
young mangroves can be both negative and positive, the extent to which waves need
to be reduced by portable reefs should also be investigated in detail. Future studies on
this topic should consider real environmental conditions. In addition to an experimental
approach, a numerical approach would be useful for future studies; e.g., computational
fluid dynamics (CFD) for accurate analysis of wave dissipation through porous rubble
structures, multiphase CFD for assessing soil erosion and accretion behind the portable
reef, or fluid–structure interaction (FSI) models between young mangrove oscillation and
wave dynamics.
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Appendix A

Table A1. Specifications of the portable reefs considered in this study and all the experimental data.

Reef
Name

Reef
Height

(cm)

Crest
Width
(cm)

Area
(cm2)

Depth h
(cm)

Crest El-
evation
R (cm)

Emerge
or Sub-
merge

H w/o
Reef
(cm)

H w/
Reef
(cm)

Relative
Crest
Depth
(h-R)
/Hw/o

Wave
Trans-

mission
Coeffi-

cient Kt

Stone
reef 0 50 50 7500 30 20 Emerge 8.05 2.35 1.24 0.29

30 20 Emerge 11.85 2.91 0.84 0.25
30 20 Emerge 15.59 3.51 0.64 0.23
50 0 Emerge 8.12 4.50 6.16 0.55
50 0 Emerge 12.18 6.67 4.11 0.55
50 0 Emerge 16.26 8.47 3.08 0.52

Stone
reef 1 50 50 8750 30 20 Emerge 4.97 2.07 2.01 0.42

30 20 Emerge 6.92 2.47 1.45 0.36
30 20 Emerge 8.73 2.81 1.15 0.32
30 20 Emerge 10.16 3.02 0.98 0.30
30 20 Emerge 11.03 3.07 0.91 0.28
30 20 Emerge 11.34 3.04 0.88 0.27
30 20 Emerge 11.37 3.11 0.88 0.27
45 5 Emerge 6.93 4.09 5.77 0.59
45 5 Emerge 8.74 5.03 4.58 0.58
45 5 Emerge 10.54 5.98 3.80 0.57
45 5 Emerge 12.42 7.01 3.22 0.56
45 5 Emerge 14.23 7.80 2.81 0.55
45 5 Emerge 15.87 8.52 2.52 0.54
45 5 Emerge 17.07 9.08 2.34 0.53
45 5 Emerge 17.88 9.38 2.24 0.52
45 5 Emerge 18.17 9.51 2.20 0.52

Stone
reef 2 30 230 9300 30 0 Emerge 4.81 1.63 6.24 0.34

30 0 Emerge 6.89 2.05 4.35 0.30
30 0 Emerge 8.69 2.45 3.45 0.28
30 0 Emerge 10.12 2.75 2.96 0.27
30 0 Emerge 10.92 2.94 2.75 0.27
30 0 Emerge 11.32 3.09 2.65 0.27
30 0 Emerge 11.34 3.14 2.65 0.28

45 −15 Submerge 6.96 6.03 8.62 0.87
45 −15 Submerge 8.77 7.41 6.84 0.84
45 −15 Submerge 10.61 8.65 5.66 0.82
45 −15 Submerge 12.53 9.72 4.79 0.78
45 −15 Submerge 14.37 10.50 4.18 0.73
45 −15 Submerge 15.80 11.12 3.80 0.70
45 −15 Submerge 16.93 11.57 3.54 0.68
45 −15 Submerge 17.89 11.86 3.35 0.66
45 −15 Submerge 18.32 12.07 3.28 0.66
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Table A1. Cont.

Reef
Name

Reef
Height

(cm)

Crest
Width
(cm)

Area
(cm2)

Depth h
(cm)

Crest El-
evation
R (cm)

Emerge
or Sub-
merge

H w/o
Reef
(cm)

H w/
Reef
(cm)

Relative
Crest
Depth
(h-R)
/Hw/o

Wave
Trans-

mission
Coeffi-

cient Kt

Stone
reef 3 40 120 10,400 30 10 Emerge 4.93 1.64 4.06 0.33

30 10 Emerge 6.95 1.94 2.88 0.28
30 10 Emerge 8.79 2.19 2.28 0.25
30 10 Emerge 10.24 2.36 1.95 0.23
30 10 Emerge 11.04 2.45 1.81 0.22
30 10 Emerge 11.36 2.47 1.76 0.22
30 10 Emerge 11.37 2.46 1.76 0.22

45 −5 Submerge 7.03 5.11 7.11 0.73
45 −5 Submerge 8.84 5.99 5.66 0.68
45 −5 Submerge 10.67 6.70 4.69 0.63
45 −5 Submerge 12.61 7.36 3.97 0.58
45 −5 Submerge 14.39 7.93 3.47 0.55
45 −5 Submerge 15.80 8.35 3.16 0.53
45 −5 Submerge 16.99 8.80 2.94 0.52
45 −5 Submerge 17.72 9.10 2.82 0.51
45 −5 Submerge 18.19 9.20 2.75 0.51

Stone
reef 4 35 200 10,500 30 5 Emerge 4.85 1.40 5.15 0.29

30 5 Emerge 6.84 1.63 3.65 0.24
30 5 Emerge 8.67 1.81 2.88 0.21
30 5 Emerge 10.10 1.94 2.48 0.19
30 5 Emerge 10.95 2.01 2.28 0.18
30 5 Emerge 11.32 2.02 2.21 0.18
30 5 Emerge 11.34 2.02 2.20 0.18

45 −10 Submerge 6.98 5.18 7.88 0.74
45 −10 Submerge 8.79 6.18 6.26 0.70
45 −10 Submerge 10.60 6.99 5.19 0.66
45 −10 Submerge 12.45 7.59 4.42 0.61
45 −10 Submerge 14.23 8.12 3.87 0.57
45 −10 Submerge 15.64 8.53 3.52 0.55
45 −10 Submerge 16.84 8.88 3.27 0.53
45 −10 Submerge 17.64 9.16 3.12 0.52
45 −10 Submerge 18.06 9.29 3.05 0.51

block
reef 50 48 5700 30 20 Emerge 4.91 2.78 2.04 0.57

30 20 Emerge 6.79 3.40 1.47 0.50
30 20 Emerge 8.59 3.98 1.16 0.46
30 20 Emerge 10.02 4.30 1.00 0.43
30 20 Emerge 11.26 4.61 0.89 0.41
30 20 Emerge 11.35 4.71 0.88 0.41
45 5 Emerge 6.92 4.54 5.78 0.66
45 5 Emerge 8.67 5.57 4.61 0.64
45 5 Emerge 10.48 6.67 3.82 0.64
45 5 Emerge 12.35 7.84 3.24 0.63
45 5 Emerge 14.25 8.85 2.81 0.62
45 5 Emerge 15.64 9.66 2.56 0.62
45 5 Emerge 16.90 10.38 2.37 0.61
45 5 Emerge 17.62 10.75 2.27 0.61
45 5 Emerge 18.12 10.96 2.21 0.60
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