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Abstract

:

Despite all efforts and massive investments, the restoration of mangroves has not always been successful. One critical reason for this failure is the vulnerability of young mangroves, which cannot grow because of hydrodynamic disturbances in the shallow coastal water. For a comprehensive study bridging ecological and engineering principles, a portable community-based reef is proposed to shield mangroves from waves during the early stages of their growth. A series of field observations were conducted on Amami Oshima Island (Japan), to observe the growth of young mangroves and their survival rate under moderate wave conditions. The evolution of young mangroves was also observed in the laboratory under a controlled indoor environment. At the research site, it was confirmed that, after six months of germination, young mangroves could withstand normal high waves. Laboratory-grown plants were lower in height and had fewer leaves compared with the native mangroves on Amami. Based on these results, an economical reef system was designed. For this purpose, the Ahrens formula for the design of a low-crested reef breakwater was revisited. The results showed that a 50-cm-high reef constructed with 15-kg stones can protect mangroves that are a few months old and effectively promote early mangrove growth.
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1. Introduction


Mangrove forests are the most productive ecosystems on the planet among various marine ecosystems [1]. The leaves and roots that filter the salt from seawater enable mangroves to survive in the high tide, while they absorb oxygen for photosynthesis during low tide [2]. Mangroves play a crucial role in protecting coastal regions by reducing the damage caused by tsunamis, storm surges, and tropical cyclones and in saving human settlements. Several studies on the 2004 Indian Ocean tsunami reported that the loss of human life was significantly lower in the presence of mangrove forests, although it was also dependent on the distance and elevation of human settlements from the coastline [3,4,5]. An interview-based survey revealed that local people in the Philippines believed that mangroves protected their lives from the historical event of Typhoon Haiyan in 2013 [6].



The dynamic interaction between the mangrove system and ocean waves is not fully understood, it is believed that mangroves reduce wave energy and promote sedimentation [7,8,9]. Mangroves work as a barrier, leading to changes in flow direction resulting in vegetative surface friction, inducing wave energy dissipation and damping [10]. The advantages of mangrove forests are referred to as “ecological resilience” for their ability to absorb hydrodynamic disturbance [11]. Mangroves are also considered to be a green infrastructure that contributes to disaster prevention through flood regulation, erosion control, sediment trapping, nutrient recycling, wildlife habitat, and nurseries [1,12,13,14,15,16].



The mangrove area has been reduced by 45% in the past 23 years, shrinking its geographical coverage from 137,760 km2 [17] to 81,484 km2 [18] worldwide. The declining rate is most significant in developing countries in Asia [19,20]. If such degradation continues, mangroves may disappear in the next 100 years [21]. This degradation is triggered by multiple factors, such as urban development, industrialization, agricultural land expansion, timber and charcoal production, and shrimp farming [16,20,22,23]. In Indonesia, Thailand, and Malaysia, the loss of mangrove forests is triggered by the conversion of land to aquaculture, agriculture, and salt production [23,24]. Tin mining and wood harvesting are also major causes of mangrove degradation in Thailand [24]. Half of the cleared mangroves in Southeast Asia and in South and Central America were due to fish and shrimp aquaculture [25,26]. Conservation actions have been implemented globally to compensate for the loss from deforestation, aquaculture, urban development, industrialization, and shrimp farming. Large-scale mangrove plantations were created in many countries of South and Southeast Asia by nongovernmental organizations and nonprofit organizations such as Wetland International (WI) and the International Union for the Conservation of Nature (IUCN) [22,27]. The Mangroves for the Future initiative was set up through the collaboration of multiple international agencies, such as the United Nations Development Programme, United Nations Food and Agriculture Organisation, and IUCN, to promote the sustainable conservation of coastal ecosystems [27]. The collective efforts of these programs have emphasized the sustainability of coastal ecosystems. The cost of mangrove restoration projects has varied from 1 to 10 million USD, as observed in projects that have taken place in Pakistan, Indonesia, Vietnam, the Philippines, and Senegal [27].



In addition to these global initiatives, scientific communities are trying to develop new ideas for protecting coastal areas from coastal hazards by incorporating the mangrove ecosystem for ecological disaster risk reduction (Eco-DRR). Eco-DRR is an effort composed of the restoration, conservation, and sustainable management of ecosystems to reduce the risk of disaster [11]. The idea of rehabilitating mangroves on a hybrid raised platform proposed recently [12] is expected to lead to new strategies for disaster risk reduction. Ideally, mangrove replantation and conservation should be implemented as a community-based approach (CBA) to improve the preparedness of the local community in response to coastal disasters [28]. However, it has been reported that the success rate of large-scale restoration is not necessarily high [27,29], creating a difficult situation for further dissemination of the mangrove rehabilitation program globally [30,31]. A success rate of only 10–20% was achieved in a community-based restoration program in the Philippines because of inappropriate species and site selection [30,32], while 40% of mangrove seedlings vanished and a 60% success rate was achieved in a similar attempt in Sri Lanka [33]. The principal reasons for these failures are thought to be physical factors (e.g., unusually high waves and less sediment supply [30]) and biological factors, such as the death of seedlings resulting from the dense growth of algae, sapling damage by insects, eating away of young seedlings by aramid crabs, and increase in predation rates by crabs on mangrove plants [31]. Biochemical factors, such as deficiencies of carbon, nitrogen, phosphorus, and other organic matter in sediments, can lead to failure to maintain healthy mangrove seedlings [34]. It is difficult to measure the success and failure of mangrove rehabilitation efforts because of inadequate documentation, particularly when a project fails [32].



Hydrological factors, such as tides, wind-generated waves, and currents, significantly influence the growth phase of young mangrove plants. Wave actions are higher in the wetland rehabilitation sites, causing flooding and damaging young mangrove seedlings [31]. Waves uproot the seedlings, mainly where propagules did not root firmly on loosely deposited sediments [32,35,36,37]. In Colombia, 93% of seeds died during the initial four months during a prolonged period of flooding. However, the high mortality ratio was not necessarily caused by the inundation, but the uprooting of seedlings in soft sediments as a result of wave actions was also responsible [35].



Simple countermeasures have been implemented to protect mangrove conservation areas by local communities, e.g., constructing barriers made of rocks, logs, and sand bars to attenuate wave actions and trap sediments [31]. Portable and inexpensive materials are also preferable because they can be used for construction by local communities. Wooden piles were also tested in Thailand and Vietnam; however, the effectiveness of these methods has not been sufficiently proved [38]. As a negative effect, they may even cause erosion and sediment destabilization, affecting the natural mangrove settlements [31,39]. Ecological engineering perspectives and applications are considered important steps in restoration [40]. However, the National Research Council of United States, stated that there are barriers to implementing coastal engineering principles in mangrove restoration projects because they are usually costly [40,41]. WI’s Mangrove Action Project identified the failed planting techniques and emphasized the necessity of a new approach based on lessons learned from the failed projects [42].



As previously reported, mangrove reforestation did not adequately incorporate engineering principles. The aim of present study was to bridge the ecological and engineering approaches. For example, a stone dike was used for mangrove reforestation (Figure 1). However, in the end, the expansion of the mangrove forest was stopped owing to the presence of the dike. Hence, the size of the stone should be carefully designed so that the dike can be demolished at a later stage. In this study, a CBA called a “portable reef” was developed to protect mangrove plants from hydraulic disturbances. The reef was designed to achieve low-cost coastal protection by placing portable rubble or blocks in front of mangrove plantation areas. It may take several months for mangroves to grow sufficiently to withstand high waves. Therefore, a barrier must sustain its function, at least during the first several months after plantation [12]. Accordingly, a portable reef for only the very early stage of the plantation would have a simple structure. Once mangrove plants grow sufficiently, the portable reef can be dismantled and relocated to other locations for another community activity use. To confirm the feasibility of this concept, the present study has two parts: (i) field and laboratory observations were conducted to understand the basic ecology and growth rate of young mangroves, and (ii) the minimal design requirement for an efficient portable reef was identified.




2. Materials and Methods


Mangrove growth was observed in the field and the laboratory for approximately six months. The findings were used in designing a portable reef with an emphasis on reducing stone weight, which is essential for community-based construction.



2.1. Field Survey


Field surveys were conducted in May 2019 and December 2019, and seaward expansion of young mangrove shrubs was found on sediment deposition in the tidal inlets of Amami Oshima Island (hereinafter “Amami”), Japan. The month of May is the postpollination period, in which the species Kandelia obovata in the primeval mangrove forest produces enormous seeds, whereas December is cold, and mangrove growth is not vibrant [43]. A large colony of natural mangroves (K. obovata) was identified in Sumiyo Bay of Amami near the inlets of the Yakugachi River and Sumiyo River (Figure 2). As observed in the field survey, mangrove seedlings were transported from the mainstream of the primeval forest and settled on the shallow mudflat with the fast-developing root system. While many mangrove forests are facing degradation in Japan, the primeval mangrove forest of Amami has been expanding for several decades [44]. This mangrove forest is located in areas where the flow of rivers is mild, and the coast is shallow and calm. When the tide recedes, the tidal flat becomes a place where organic matter from the river and the ocean is deposited, providing a habitat for a variety of animals. In addition to the favorable environmental conditions, the expansion of the area may also partially be attributed to the breakwater constructed at the bay mouth, protecting the inner bay area from offshore high waves (Figure 2).



During the survey conducted in May, 40 mangrove propagules were collected to measure the size (Figure 3). Half were used for the plantation test in the Amami primeval mangrove forest, and the rest were transported to a laboratory in Tokyo. A topography survey was conducted to measure the ground level within the mangrove zone. The salinity level and water temperature were recorded. An aerial survey was conducted using a drone (Phantom 4 Pro; DJI Technology Co. Ltd., Shenzhen, China) to observe mangrove shrub density in near-shore, midshore, and offshore regions. Drone images were validated with field observations to confirm the densities of the mangrove plants. The elevation of the mudflat was measured using laser range finders (TruPulse 360; Laser Technology Inc., Centennial, CO, USA) (Figure 4). The predominant mangrove species observed in the study site was K. obovata, which is a dwarf-type tree often found in India, Singapore, Cambodia, Malaysia, the Philippines, Indonesia, Myanmar, Bangladesh, Thailand, and Vietnam [45]. The genetic and phenotypic segregation suggests that the species K. candelin originated from some parts of China and Japan, and it is now classified as a new species, K. obovata [46]. This species is often found in the intertidal region of an estuary, which is frequently inundated by tides, like other Rhizophora mangrove species [40]. K. obovata in the Amami region produces seeds, particularly between the months of May and August, which are suspended by tidal flow to colonize themselves in new locations.



During the December 2019 survey, the number of surviving mangrove plants, plant height, number of leaves, root length, stem thickness, and stem color were investigated. The plant age was estimated based on the growth rate between the two surveys. These parameters were then compared with those of laboratory-grown plants under a controlled environment. An in situ manual wave-generating test using a paper board was also conducted to test the failure limitation of young mangrove plants against waves. Additionally, the salinity level, water temperature, turbidity, current velocity (FP111; YSI Inc., Yellow Springs, OH, USA), and water depth at high tides were measured during this second campaign. Water levels were recorded using pressure gauges for approximately 2 h (DEFI2-D10; JFE Co. Ltd., Chiba, Japan). The measured parameters were further considered in the conceptual design of the portable reef.




2.2. Laboratory Test


Twenty seeds of K. obovata were transported to the laboratory in Tokyo and planted in a range of different types of soil: (i) Amami’s native soil, (ii) a mixture of sand, silt, and compost, and (iii) coastal sand taken in Tokyo. The growth of these plants was monitored for approximately six months from June to December 2019. The duration of laboratory observations was consistent with that of the in situ plantation test in Amami. The laboratory growing test was conducted to monitor the growth of mangroves in a controlled environment. The test simulated a situation where mangrove plantations are started from seedlings that were originally grown in a pot. Another important idea behind the field survey and laboratory plantation was to investigate the early growing stage of mangrove plants, because the design of the portable reef depends highly on initial plant growth.





3. Field Observation Results


3.1. Survey in the Study Site


The land slope of a mangrove forest approximately 80 m wide was measured to be as mild as 1/100 on average. This can be considered as a gentle slope but not extremely flat. The density of mangrove plants varied extensively depending on location, i.e., offshore, midshore, and near-shore regions. When approaching the offshore area, it was observed that the number of plants tended to decrease. The lowest mangrove densities were found offshore, where water depths reached half a meter at high tide. Mangrove density was very sparse offshore, whereas 2–4 plants/m2 in the midshore and 10–20 small mangrove plants/m2 around two matured shrubs onshore were observed, as shown in Figure 5a,b.




3.2. Mangrove Plantation Test at the Research Site


Figure 6a,b illustrate the plantation of mangroves and their growth from May 2019 to December 2019. Twenty seeds with an initial seedling length of 18.5 cm on average (standard deviation of 3.5 cm) were planted in the offshore zone. The diameter of the seeds varied among the seedlings, with the widest part being 5–10 mm. As shown in Figure 3, some seedlings were completely straight, whereas the others were significantly curved, as observed during the plantation. The color of the seeds varied from green to brownish-green. Of the many plantations, one was made around an existing mangrove plant to clearly identify it during a future survey, as in Figure 6a,b, and the remaining seedlings were planted in nearby locations. In the December 2019 visit, it was found that the survival rate of planted seedlings was 75% (15 out of 20 seeds). Hydrological disturbances, such as high waves, unusual tides, and currents, especially during the typhoon season (July to October), can result in the uprooting of seedlings in soft sediments. Fortunately, however, no strong typhoon approached Amami during the half-year of this survey. Nevertheless, the five seedlings died or washed away for some reason. Various microbial organisms, such as bacteria, fungi, viruses, nematodes, and insects [47], and abiotic factors, such as high salinity levels and low and extremely high temperatures, could have adversely affected the growth of the mangrove plants [2]. The loss may also have been caused by sapling damage by animals, e.g., sea crabs, which selectively eat young seedlings. The water temperature and salinity level in May 2019 were 28.3 °C and 8‰, respectively, while the temperature reduced to 26.1 °C and the salinity increased to 19‰ in December 2019. The rise in salinity may have been because the water discharge from the two rivers is higher in spring than in winter. The precipitation chart is shown in Figure 7, which also supports the observation that salinity levels might have varied because of the difference in precipitation, which is higher in the rainy season (around June) and lower in the winter season (around December).




3.3. Water-Level Observations


Figure 8 depicts water levels and their fluctuations in the study site, recorded using the pressure sensor, on the one-day cycle of the predicted astronomical tide of the bay. The water level fluctuates in correspondence with astronomical tides. It dropped from nearly 0.4 to 0.05 m above the ground level in 2 h, between high to medium tidal ranges. This observation was conducted on a half-moon day during a medium tidal phase. However, the actual water level oscillated with a short period of approximately 20 min on top of the tidal curve. Although it has not been confirmed, this seems to be a sort of seiche that occurs in the bay. As a result, actual currents in mangrove forests may be faster than those induced by pure astronomical tidal forcing. However, the maximum velocity measured in the field was approximately 10 cm/s. This is significantly slower than the velocity generated in a tidal-dominant river mouth where a tidal current of more than 1 m/s often occurs [48]. Because the water depth is very shallow in the study site, frictional effects are believed to be responsible for a significant reduction in flow speed. This level of tidal currents is considered to be less impactful to young mangroves.




3.4. In Situ Wave Experiment


In the December survey, an in situ wave experiment was conducted to observe the strength of plants against waves. Waves were manually generated with a paper board for approximately 2 min, which impacted different age groups of plants, such as a month, a half year, and one year. The purpose of this test was to verify the differences in response to waves and critical wave height among the three young mangroves in different growth stages. The maximum wave height during manual wave generation was estimated to be approximately 10 cm through visual analysis with a video image. Figure 9a shows a 17-cm-long one-month-old mangrove that had two leaves, a short main root of approximately 2 cm, and thin subroots. The plant was mostly submerged during the test (Figure 9b). The one-month-old plant was broken entirely and submerged by a 2-min continuous-wave impact, as in Figure 9c,d, whereas a half-year-old and one-year-old mangrove 39 and 80 cm in height, respectively, survived without visible damage, as shown in Figure 9e. The six-month-old mangrove plant shown in Figure 9f developed a stiff root system with a length of one third the total plant length. Hence, it was firmly rooted in the sediment and could withstand the waves. The field investigation revealed that mangroves in the very early stage of growth (a few months) were particularly weak, whereas a half-year-old or older mangrove can sufficiently withstand moderate waves. Thus, special protection is required to protect mangrove seedlings from high waves in the initial two to three months. As a rough estimate, the failure limit of mangroves is considered to be a wave height of 0.1 m, which was used as a basis for the structural design of a portable reef.




3.5. Comparison of Mangrove Growth between Laboratory and Field Experiments


Figure 10a,b illustrate the mangrove evolution in terms of plant height and number of leaves in the laboratory. Mangrove growth was also measured six months after plantation at the Amami research site, as shown in Figure 6b, and compared with the sixth-month growth of plants in the laboratory. In the laboratory in Tokyo, the growth of the mangrove plant was observed for six months, and measurements were taken for the first, third, and sixth months. Pregerminated mangrove seeds (propagules) brought from the site were planted to observe their growth in different soil states: native soil, a mixture of sand, silt, and compost, and pure sand. The growth of mangroves was observed and measured in terms of the average height and the average number of leaves with standard deviations, as shown in Figure 10a,b. Pictures of propagule growth were taken at zero, one, three, and six months of laboratory plantation, as shown in Figure 11a–d. Although the initial growth was similar among the three soil types, the fastest plant growth was observed in the mixture of sand, silt, and compost after six months. Two plants in the mixture soil had withered at the end of the sixth month, despite showing good growth until three months. The average height of mangrove plants in Amami was 49 cm, with an average of 7.3 leaves per plant, as in Figure 10a,b, while indoor plants demonstrated growth of a height of 38.5 cm with the number of leaves up to 4.3 on average. The laboratory-grown plants were 21% lower in height than the plants grown in Amami. Similarly, the average number of leaves after six months was 41% lower than that of the plants at the Amami research site. The laboratory-grown plants appeared weak, and the stems turned and bent downward, as shown in Figure 11d. The plants grown in native soil looked healthiest among the three soils.



The germination of seedlings began with the development of the stem with a pair of leaves in the first month in all soil media, as shown in Figure 11b. After the third month, the average height of plants in all soil media was 28 cm above the soil surface, with an average number of leaves of 3.5. The average height and number of leaves grown in mangrove plants in all types of soil medium at the end of the sixth month were 38.3 cm and 4.3, respectively. The average increase in plant height and number of leaves in all soil media in the first, third, and sixth months were 3.7, 7.7, and 9.7 cm and 2, 1.5, and 0.8, respectively. With the arrival of new leaves, the plants lost their older leaves, which turned yellow and withered before dropping off see Figure 11c,d. Loss of leaves and decrease in leaf growth indicate lower leaf health because of environmental stresses [43]. This is probably because of the low temperature in November and December, as shown in Figure 12.



The air temperature differences in Tokyo and Amami for the period of six months from June to December 2019 are shown in Figure 12. On average, the temperature in Amami was 2.8 °C higher than in Tokyo. However, the maximum temperature in Tokyo (28.8 °C) was 0.4 °C higher than that in Amami (28.4 °C) in August. In December, the average temperature dropped to 8.5 °C in Tokyo, while that in Amami was 12.1 °C. The cold weather during the early winter season probably retarded the growth of mangrove plants and resulted in the withering of the leaves.



The diameter of the laboratory mangroves remained almost unchanged and was less than 4 mm on average, while the average stem diameter of Amami mangroves was 5.4 mm, which is 35% thicker than that of the laboratory mangroves. The Amami mangrove stems appeared tougher and had a deeper green color than those in the laboratory. The leaf surface of the Amami plants was also slightly thicker, whereas that of the laboratory mangroves was thinner and lighter in color.



The observations of the plants grown in the laboratory suggest that mangrove plants initially grown under a controlled environment do not necessarily show similar growth to that of the plants grown in the field. Laboratory-grown plants were thin, with reduced growth rate and leaf numbers of 20.8% and 41%, respectively, compared with the Amami mangroves, clearly suggesting that the laboratory mangroves were weaker. Seedlings raised in pots are often planted on the coast for mangrove restoration [31,49,50]. Such plants grown in a different location may not acclimatize themselves well and may not easily survive when transported and replanted in the field. In Sungai Haji Dorani, Malaysia, only 30% of the transplanted plants survived [51]. Given all these observations, it is ideal to replant mangroves directly in the required location rather than in nursery plantations. It is expected that portable reefs placed in front of the mangroves can safeguard seeds and young plants from hydrodynamic disturbances and promote the initial growth of mangroves.





4. Case Study: Design of Portable Reef as a Community-Based Breakwater


A portable reef was investigated. It was a community-based breakwater composed of a low-crested rubble mound with single-sized stones. In this section, a portable reef designed as a case study based on the wave and topographic conditions in Amami is described. Because many researchers have studied the stability, wave attenuation, and wave transmission of rubble breakwaters for several decades [52,53,54,55,56,57], the existing formulae were used to address the extent to which the portable reef can be reduced in size while maintaining favorable wave conditions for the growth of young mangroves.



4.1. Stability of Rubble Mound


A simple design is desirable to achieve an economical and community-oriented countermeasure. The design of extreme wave conditions would result in heavy stone weights in achieving sufficient structural stability, but such materials cannot be easily handled as community-based activities without the use of heavy equipment. Hence, extreme events, such as tropical cyclones, should be omitted from design considerations. Based on field observations and astronomical tide levels at the study site in Amami, 40 cm is considered the maximum water depth d. The breaking wave criteria proposed by Weggel (HB < 0.78d) lead to a maximum wave height of approximately 0.3 m for this depth condition. Hence, 0.3 m was the design wave height in this case analysis (Table 1). The wave period was assumed to vary from 2 to 3.5 s as a short wave in very shallow waters. Although the wave period seems negligible, it has a substantial impact on the portable reef and mangrove plants. Following the convention in coastal engineering, a significant wave (average of the upper one-third) was used as the design wave. In this case study, a rubble mound was designed that can withstand the design waves and confirm how well the transmitted waves can be mitigated.



The traditional method of designing rubble breakwaters assumes a stable structure with no damage or statically less than 5% damage levels [57]. A Hudson stability formula was developed from experimental investigations on a permeable breakwater subjected to nonovertopping waves. The equation states the relationship between the armor unit weight and the wave height at the toe of the structure, as shown in Equation (1) [58]:


  W =      γ s  H  s 3     K D     (  s − 1  )   3  c o t α    



(1)




where W is the weight of a single armor unit, γs is the specific stone weight, KD is the dimensionless stability coefficient, s is the specific gravity of the armor unit, α is the structural slope angle, and Hs is the significant wave height. Equation (1) does not consider the damage level, irregular wave conditions, wave period, storm duration, and permeability of stones.



However, it is essential to allow deformation of the system to some extent, particularly in the case of smaller stones. Hence, the formula obtained by Ahrens [59], which designs a low-crested rubble-mound, reef-type breakwater without a multilayer cross section, was applied. Figure 13 illustrates the concept of the low-crested breakwater. Here, hc′ is the initial crest height, and hc is the crest height at the end of the wave impacts, based on an empirical equation from the experiment. In addition, B is the crest width (three median stones wide: 3Dn50). The stability can be examined by considering the crest height that sunk as a result of continuous wave impacts.



Equation (1) is analyzed for the range of significant wave heights (Hs), with KD being 1.2 for quarry stone, smoothly rounded for breaking waves [57]. Here,    γ s    is taken as 2800 kg/m3, and the slope of the structure is considered to be 1V:2.5H, leading to a slope angle α of 21.6°. The relationship between Hs and the armor unit weight is plotted in Figure 14. When 0.3 m is used as the design wave height, the lowest stone weight is calculated to be approximately 6 kg.



The structural stability with selected stone weights can be further investigated using Equations (2)–(4). The stability number (Ns) of the unit is defined as [58]:


   N s  =    H s     2 / 3    L  1 / 3     Δ  D  n 50      



(2)




where L is the wavelength calculated using the wave period (T) and water depth. The reduction in the crest height of the structure was estimated by the Equation (3) which was modified by Van der Meer after reanalyzing the data of Ahrens [58]:


   h c  =      A t    a exp  N s       



(3)






  a =   − 0.028 + 0.045    C ′  + 0.034      h c   ′   h  − 6 ×   10   − 9    B n    2   



(4)







Here, At is the structural cross-sectional area (Bhc′+C′hc′2), C′ is the average structural slope, Ns is the spectral stability number, Bn is the bulk number, and d is still water depth. Short wave periods in the range between T = 2 and 3.5 s are assumed to calculate the wavelength L =     g d    T and wave steepness Sop = 2πHs/gT2. The deformation in crest height (hc) can be estimated using Equations (3) and (4). Figure 15 shows a graph of the crest height reduction factor (hc/hc′) versus wave steepness. If hc/hc′ exceeds 1, the structure is fully stable, whereas, when hc/hc′ drops below 1, the structure is less stable [57]. The structural stability increases with the increase in wave steepness. A stone weight more than 15 kg showed hc/hc′ > 1, indicating a stable condition for the design wave. Hence, for the design considerations of stone, a weight of 15 kg can be used as an optimal weight, rather than 6 kg.




4.2. Wave Transmission and Cross-Sectional Design


Wave breaking and energy dissipation are promoted when waves are transmitted over a reef [60]. The degree of wave transmission is estimated by the coefficient of wave transmission (Kt), which is defined by the transmitted wave divided by the incident wave heights (Ht/Hi). Wave transmission depends on the geometry of the reef, mainly on crest width and water depth, wave conditions, permeability, freeboard (crest height above water level) (Rc), and wave steepness (Sop) [61]. The prediction of the wave transmission characteristics of breakwaters has been studied, and equations for Kt have been established. The following equation is used for the present analysis of wave transmission over a portable reef [57]:


   K t  =  (  0.031      H i     D  n 50     − 0.24  )       R c     D  n 50     − 2.6    S  o p   − 0.05    H i     D  n 50     + 0.85  



(5)







Here, Kt is derived for the proposed portable reef design (Figure 16. The Kt value markedly varies with the change in the relative crest height (Rc/Dn50). The minimum Kt and maximum Kt expected of a portable reef breakwater fall between 0.07 and 0.51 for wave periods of 2 to 3.5 s. The lower the relative crest height, the higher the transmission. The lower the height of the breakwater, the smaller the stone volume required. However, a reduction in the freeboard increases the transmission of the waves and adversely affects the growth of mangroves. In the field experiments in Amami, it was found that mangroves of approximately one- or two-month-old plants were washed away by waves, even at a wave height of approximately 10 cm. Hence, Kt needs to be set below 0.3 in the case of a wave height of 30 cm at the portable reef.



As a result of these considerations, the breakwater cross section shown in Figure 17 was selected as one of the candidates to form the entire reef system as simply and feasibly as possible for the local community. The total number of stones needed to form a trapezoid per cubic meter was estimated as 145 (average of 15 kg each). Because of the low weight of the stone, construction can be accomplished without the use of heavy machinery if several workers collaborate. This is an advantage in areas where the ground is loose, such as where mangroves grow. There is a possibility that the reef top may sink a little bit owing to settlement, but it will be easy to replenish. A mangrove plantation is implemented after the reef is installed. However, plants may be washed away because of the disturbance caused by wave overtopping if planted immediately behind the reef. Therefore, it is recommended to maintain a certain distance between the reef and the plantation. It is necessary in future research to investigate how much distance is needed.





5. Conclusions


The restoration of mangrove forests has not always been successful, despite enormous attempts. In this study, the importance of protecting young mangroves from hydrodynamic disturbances was addressed to improve the implementation of plantations. Early growth of mangroves was studied both in the natural environment (a mangrove forest on Amami) and in a controlled environment (a laboratory in Tokyo). It was observed that plants could grow in any type of soil, even in the indoor environment, but the plants grown in the field looked healthier and stronger than those in the laboratory after six months. The mangrove growth test suggests that direct planting of seedlings in the restoration site is preferable rather than transporting germinated seedlings on a pot. Thus, a portable reef system was proposed to act as an effective wave attenuator to facilitate the growth of young mangrove seedlings. The Amami site was investigated to derive the design wave conditions necessary for protecting early mangroves. Sixth-month old mangrove plants can survive under normal wave conditions; hence, the service period of the portable reef system can be set as short as six months. The examination of the low-crested breakwater proposed by Ahrens was applied for the design of a portable reef system considering the structural stability and wave transmission ratio. As an example, the reef dimensions were designed and it was suggested that a 50-cm-high reef with approximately 15-kg stones is sufficient to protect against waves and effectively promote early mangrove growth. Once the mangroves have grown for about six months, the portable reef is no longer needed and can be dismantled and transported to other locations in the vicinity for reuse. In this way, community-based mangrove plantations should be able to continue in the long term without a high cost.







Author Contributions


Conceptualization, H.T. and S.S.; Field Investigation, H.T., S.S., and R.S.; Indoor Test, S.S. and R.S.; Writing—Original Draft Preparation, S.S.; Writing—Review, Modifying, and Editing, H.T.; Funding Acquisition, H.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a grant awarded to the Tokyo Institute of Technology (Japan Society for the Promotion of Science, 16KK0121 and 19K04964).




Data Availability Statement


Not applicable.




Acknowledgments


The authors are grateful for the assistance of Fan Jinghui during the series of field surveys in Amami. The study is supported by the Japan Educational Exchanges and Services (JEES), which awarded a T-Banaji Indian student scholarship for one of the authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ewel, K.C.; Twilley, R.R.; Ong, J. Different kinds of mangrove forests provide different goods and services. Glob. Ecol. Biogeogr. Lett. 1998, 7, 83–94. [Google Scholar] [CrossRef]

	



Kathiresan, K.; Bingham, B.L. Biology of mangroves and mangrove ecosystems. In Advances in Marine Biology; Academic Press Inc.: Cambridge, MA, USA, 2001; Volume 40, pp. 81–251. [Google Scholar]

	



Vermaat, J.E.; Thampanya, U. Mangroves mitigate tsunami damage: A further response. Estuar. Coast. Shelf Sci. 2006, 69, 1–3. [Google Scholar] [CrossRef]

	



Kathiresan, K.; Rajendran, N. Coastal mangrove forests mitigated tsunami. Estuar. Coast. Shelf Sci. 2005, 65, 601–606. [Google Scholar] [CrossRef]

	



Teh, S.Y.; Koh, H.L.; Liu, P.L.F.; Ismail, A.I.M.; Lee, H.L. Analytical and numerical simulation of tsunami mitigation by mangroves in Penang, Malaysia. J. Asian Earth Sci. 2009, 36, 38–46. [Google Scholar] [CrossRef]

	



Delfino, R.J.; Carlos, C.; David, L.; Lasco, R.; Juanico, D.E. Perceptions of Typhoon Haiyan-affected communities about the resilience and storm protection function of mangrove ecosystems in Leyte and Eastern Samar, Philippines. Clim. Disaster Dev. J. 2015, 1, 15–24. [Google Scholar] [CrossRef]

	



Hu, Z.; Suzuki, T.; Zitman, T.; Uittewaal, W.; Stive, M. Laboratory study on wave dissipation by vegetation in combined current-wave flow. Coast. Eng. 2014, 88, 131–142. [Google Scholar] [CrossRef]

	



Mazda, Y.; Magi, M.; Ikeda, Y.; Kurokawa, T.; Asano, T. Wave reduction in a mangrove forest dominated by Sonneratia sp. Wetl. Ecol. Manag. 2006, 14, 365–378. [Google Scholar] [CrossRef]

	



Parvathy, K.G.; Bhaskaran, P.K. Wave attenuation in presence of mangroves: A sensitivity study for varying bottom slopes. Int. J. Ocean Clim. Syst. 2017. [Google Scholar] [CrossRef]

	



Mcivor, A.; Möller, I.; Spencer, T.; Spalding, M. Reduction of Wind and Swell Waves by Mangroves. In Natural Coastal Protection Series: Report 1 Cambridge Coastal Research Unit Working Paper 40; The Nature Conservancy: Arlington, VA, USA; Wetlands International: Wageningen, The Netherlands, 2012; p. 27. [Google Scholar]

	



Takagi, H. Long-term design of mangrove landfills as an effective tide attenuator under relative sea-level rise. Sustainability 2018, 10, 1045. [Google Scholar] [CrossRef]

	



Takagi, H. “Adapted mangrove on hybrid platform”—Coupling of ecological and engineering principles against coastal hazards. Results Eng. 2019, 4, 100067. [Google Scholar] [CrossRef]

	



Thampanya, U.; Vermaat, J.E.; Sinsakul, S.; Panapitukkul, N. Coastal erosion and mangrove progradation of Southern Thailand. Estuar. Coast. Shelf Sci. 2006, 68, 75–85. [Google Scholar] [CrossRef]

	



Horstman, E.M.; Dohmen-Janssen, C.M.; Narra, P.M.F.; van den Berg, N.J.F.; Siemerink, M.; Hulscher, S.J.M.H. Wave attenuation in mangroves: A quantitative approach to field observations. Coast. Eng. 2014, 94, 47–62. [Google Scholar] [CrossRef]

	



Kathiresan, K. Mangrove forests of India. Curr. Sci. 2018, 114, 976–981. [Google Scholar] [CrossRef]

	



Noor, T.; Batool, N.; Mazhar, R.; Ilyas, N. Effects of Siltation, Temperature and Salinity on Mangrove Plants. Eur. Acad. Res. 2015, 2, 14172–14179. [Google Scholar]

	



Friess, D.A.; Rogers, K.; Lovelock, C.E.; Krauss, K.W.; Hamilton, S.E.; Lee, S.Y.; Lucas, R.; Primavera, J.; Rajkaran, A.; Shi, S. The State of the World’s Mangrove Forests: Past, Present, and Future. Annu. Rev. Environ. Resour. 2019, 44, 89–115. [Google Scholar] [CrossRef]

	



Hamilton, S.E.; Casey, D. Creation of a high spatio-temporal resolution global database of continuous mangrove forest cover for the 21st century (CGMFC-21). Glob. Ecol. Biogeogr. 2016, 25, 729–738. [Google Scholar] [CrossRef]

	



Rasmeemasmuang, T.; Sasaki, J. Wave Reduction in Mangrove Forests: General Information and Case Study in Thailand. Handb. Coast. Disaster Mitig. Eng. Plan. 2015, 2015, 511–535. [Google Scholar] [CrossRef]

	



Sui, L.; Wang, J.; Yang, X.; Wang, Z. Spatial-temporal characteristics of coastline changes in Indonesia from 1990 to 2018. Sustainability 2020, 12, 3242. [Google Scholar] [CrossRef]

	



Duke, N.C.; Meynecke, J.-O.; Dittmann, S.; Ellison, A.M.; Anger, K.; Berger, U.; Cannicci, S.; Diele, K.; Ewel, K.C.; Field, C.D.; et al. A world without mangroves? Science 2007, 317, 41–44. [Google Scholar] [CrossRef]

	



Primavera, J.H. Development and conservation of Philippine mangroves: Institutional issues. Ecol. Econ. 2000, 35, 91–106. [Google Scholar] [CrossRef]

	



Rahman, M.A.A.; Asmawi, M.Z. Local Residents’ Awareness towards the Issue of Mangrove Degradation in Kuala Selangor, Malaysia. Proc. Soc. Behav. Sci. 2016, 222, 659–667. [Google Scholar] [CrossRef]

	



Macintosh, D.J.; Ashton, E.C.; Havanon, S. Mangrove Rehabilitation and Intertidal Biodiversity: A Study in the Ranong Mangrove Ecosystem, Thailand. Estuar. Coast. Shelf Sci. 2002, 55, 331–345. [Google Scholar] [CrossRef]

	



Mcleod, E.; Salm, R.V. Managing Mangroves for Resilience to Climate Change IUCN Global Marine Programme; International Union for Conservation of Nature (IUCN): Gland, Switzerland, 2006; 64p. [Google Scholar]

	



Valiela, I.; Bowen, J.L.; York, J.K. Mangrove Forests: One of the World’s Threatened Major Tropical Environments. Bioscience 2001, 51, 807. [Google Scholar] [CrossRef]

	



Lee, S.Y.; Hamilton, S.; Barbier, E.B.; Primavera, J.; Lewis, R.R. Better restoration policies are needed to conserve mangrove ecosystems. Nat. Ecol. Evol. 2019, 3, 870–872. [Google Scholar] [CrossRef] [PubMed]

	



Van Tao, D.; Ha, N.H. Mangrove replanting, Disaster preparedness and many other benefits. Clim. Coast. Coop. 2011, 176–178. [Google Scholar]

	



Thompson, B.S. The political ecology of mangrove forest restoration in Thailand: Institutional arrangements and power dynamics. Land Use Policy 2018, 78, 503–514. [Google Scholar] [CrossRef]

	



Primavera, J.H.; Esteban, A.J.M.A.; Esteban, J.M.A. A review of mangrove rehabilitation in the Philippines: Successes, failures and future prospects. Wetl. Ecol Manag. 2008, 16, 345–358. [Google Scholar] [CrossRef]

	



Primavera, J.H.; Rollon, R.N.; Samson, M.S. The Pressing Challenges of Mangrove Rehabilitation: Pond Reversion and Coastal Protection. In Treatise on Estuarine and Coastal Science; Wolanski, E., McLusky, D., Eds.; Elsevier Inc.: Waltham, MA, USA, 2011; Volume 10, pp. 217–244. [Google Scholar]

	



Kamali, B.; Hashim, R. Mangrove restoration without planting. Ecol. Eng. 2011, 37, 387–391. [Google Scholar] [CrossRef]

	



Kodikara, K.A.S.; Mukherjee, N.; Jayatissa, L.P.; Dahdouh-Guebas, F.; Koedam, N. Have mangrove restoration projects worked? An in-depth study in Sri Lanka. Restor. Ecol. 2017, 25, 705–716. [Google Scholar] [CrossRef]

	



Teutli-Hernández, C.; Herrera-Silveira, J.A.; Comín, F.A.; López, M.M. Nurse species could facilitate the recruitment of mangrove seedlings after hydrological rehabilitation. Ecol. Eng. 2019, 130, 263–270. [Google Scholar] [CrossRef]

	



Elster, C. Reasons for reforestation success and failure with three mangrove species in Colombia. For. Ecol. Manag. 2000, 131, 201–214. [Google Scholar] [CrossRef]

	



Le Minor, M.; Bartzke, G.; Zimmer, M.; Gillis, L.; Helfer, V.; Huhn, K. Numerical modelling of hydraulics and sediment dynamics around mangrove seedlings: Implications for mangrove establishment and reforestation. Estuar. Coast. Shelf Sci. 2019, 217, 81–95. [Google Scholar] [CrossRef]

	



Tamin, N.M.; Zakaria, R.; Hashim, R.; Yin, Y. Establishment of Avicennia marina mangroves on accreting coastline at Sungai Haji Dorani, Selangor, Malaysia. Estuar. Coast. Shelf Sci. 2011, 94, 334–342. [Google Scholar] [CrossRef]

	



Takagi, H.; Sekiguchi, S.; Thao, N.D.; Rasmeemasmuang, T. Do wooden pile breakwaters work for community-based coastal protection? J. Coast. Conserv. 2020, 24, 1–11. [Google Scholar] [CrossRef]

	



Stanley, O.D.; Lewis, R.R. Strategies for Mangrove Rehabilitation in an Eroded Coastline of Selangor, Peninsular Malaysia. J. Coast. Dev. 2009, 12, 142–154. [Google Scholar]

	



Lewis, R.R. Ecological engineering for successful management and restoration of mangrove forests. Ecol. Eng. 2005, 24, 403–418. [Google Scholar] [CrossRef]

	



Lewis, R.R.; Brown, B.M.; Flynn, L.L. Methods and criteria for successful mangrove forest rehabilitation. In Coastal Wetlands: An Integrated Ecosystem Approach; Gerardo, M.E., Perillo, E.W., Cahoon, D.R., Hopkinson, C.S., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 863–887. [Google Scholar]

	



Quarto, A.; Thiam, I. Community-Based Ecological Mangrove. Nat. Faune Wetl. Int. 2018, 32, 39–45. [Google Scholar]

	



Chen, L.; Wang, W.; Li, Q.Q.; Zhang, Y.; Yang, S.; Osland, M.J.; Huang, J.; Peng, C.; Chen, L.; Wang, W.; et al. Mangrove species’ responses to winter air temperature extremes in China. Ecosphere 2017, 8, e01865. [Google Scholar] [CrossRef]

	



Tai, A.; Hashimoto, A.; Oba, T.; Kawai, K.; Otsuki, K.; Nagasaka, H.; Saita, T. Growth of mangrove forests and the influence on flood disaster at Amami Oshima Island, Japan. J. Disaster Res. 2015, 10, 486–494. [Google Scholar] [CrossRef]

	



Nabiul, I.K.M.; Kabir, M.E. Ecology of Kandelia obovata (S., L.) Yong: A Fast-Growing Mangrove in Okinawa, Japan. In Participatory Mangrove Management in a Changing Climate; DasGupta, R., Shaw, R., Eds.; Springer: Tokyo, Japan, 2017; pp. 287–301. [Google Scholar]

	



Sheue, C.R.; Liu, H.Y.; Yong, J.W.H. Kandelia obovata (Rhizophoraceae), a new mangrove species from Eastern Asia. Taxon 2003, 52, 287–294. [Google Scholar] [CrossRef]

	



Das, S.K.; Patra, J.K.; Thatoi, H. Antioxidative response to abiotic and biotic stresses in mangrove plants: A review. Int. Rev. Hydrobiol. 2016, 101, 3–19. [Google Scholar] [CrossRef]

	



Takagi, H.; Quan, N.H.; Anh, L.T.; Thao, N.D.; Tri, V.P.D.; Anh, T.T. Practical modelling of tidal propagation under fluvial interaction in the Mekong Delta. Int. J. River Basin Manag. 2019, 17, 377–387. [Google Scholar] [CrossRef]

	



Chan, H.T.; Baba, S. Manual on Guidelines for Rehabilitation of Coastal Forests Damaged by Natural Hazards in the Asia Pacific Region; International Society of Mangrove Ecosystem (ISME): Nishihara, Japan; International Tropical Timber Organization (ITTO): Yokohama, Japan, 2009; p. 66. [Google Scholar]

	



Ravishankar, T.; Ramasubramanian, R. Manual on Mangrove Raising Techniques; M.S. Swaminathan Research Foundation (MSSRF): Chennai, India, 2004; ISBN 9788578110796. [Google Scholar]

	



Hashim, R.; Kamali, B.; Tamin, N.M.; Zakaria, R. An integrated approach to coastal rehabilitation: Mangrove restoration in Sungai Haji Dorani, Malaysia. Estuar. Coast. Shelf Sci. 2010, 86, 118–124. [Google Scholar] [CrossRef]

	



Dattatri, J.; Raman, H.; Shankar, N.J. Performance Characteristics of Submerged Breakwaters. In Proceedings of the 16th International Conference on Coastal Engineering, Hamburg, Germany, 27 August–3 September 1978; American Society of Civil Engineers: New York, NY, USA, 1978; pp. 2153–2171. [Google Scholar]

	



Twu, S.-W.; Liu, C.-C.; Hsu, W.-H. Wave damping characteristics of deeply submerged breakwaters. J. Waterw. Port. Coast. Ocean Eng. 2001, 127, 97–105. [Google Scholar] [CrossRef]

	



Shirlal, K.G.; Rao, S.; Ganesh, V. Manu Stability of breakwater defenced by a seaward submerged reef. Ocean Eng. 2006, 33, 829–846. [Google Scholar] [CrossRef]

	



Sindhu, S.; Shirlal, K.G. Manu Prediction of wave transmission characteristics at submerged reef breakwater. Proc. Eng. 2015, 116, 262–268. [Google Scholar] [CrossRef]

	



Calabrese, M.; Vicinanza, D.; Buccino, M. 2D Wave setup behind submerged breakwaters. Ocean Eng. 2008, 35, 1015–1028. [Google Scholar] [CrossRef]

	



Van der Meer, J.W.; Pilarczyk, K.W. Stability of Low-Crested and Reef Breakwaters. In Proceedings of the 22nd International Conference on Coastal Engineering, Delft, The Netherlands, 2–6 July 1990; American Society of Civil Engineers: New York, NY, USA, 1991; Volume 2, pp. 1375–1388. [Google Scholar]

	



Chasten, M.A.; Rosati, J.D.; McCormick, J.W. Engineering Design Guidance for Detached Breakwaters as Shore Stabilization Structures; Randall, R.E., Ed.; US Army Corps of Engineers: Washington, DC, USA, 1993. [Google Scholar]

	



Ahrens, J.P. Stability of Reef Breakwaters. J. Waterw. Port Coast. Ocean Eng. 1989, 115, 221–234. [Google Scholar] [CrossRef]

	



Thaha, M.A.; Muhiddin, A.B. The combination of low crested breakwater with mangroves to reduce the vulnerability of the coast due to climate change. In Asian and Pacific Coasts: Proceedings of the 6th International Conference on Asian and Pacific Coasts; World Scientific: Hongkong, China, 2011; pp. 541–550. [Google Scholar]

	



Centre d’Etudes Techniques Maritimes Et Fluviales (CETMEF); Construction Industry Research and Information Association (CIRIA); CUR Building & Infrastructure. The Rock Manual: The Use of Rock in Hydraulic Engineering, 2nd ed.; C683 CIRIA: London, UK, 2007; Chapter 5; pp. 487–756. [Google Scholar]








[image: Ijerph 18 00590 g001 550] 





Figure 1. Successful mangrove plantation in Chonburi, Thailand—however, the rubble dike stopped the expansion of the forest [photo taken by one of the authors]. 
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Figure 2. Mangrove study site, which is located at the inner-most part of Sumiyo Bay in Amami (study site location: 28°14′57.3″ N 129°24′24.8″ E). 
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Figure 3. Mangrove seeds (propagules of K. obovata) collected in the Amami study site. 
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Figure 4. Measurement of the topography in the mangrove forest. 
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Figure 5. (a,b) Observed mangrove density at the study site in Amami (photos were taken by a drone). 
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Figure 6. (a) Mangrove seeds planted around a prominent existing mangrove in May 2019 and (b) mangrove plant growth in December 2019. 
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Figure 7. Monthly precipitation in 2019, recorded at Naze WMO Station in Amami (Lat 28°22.7′ N Lon 129°29.7′ E)—source: Japan Meteorological Agency. 
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Figure 8. Water levels recorded at 1-s intervals for approximately 2 h (19 December 2019) presented in coordination with local astronomical tide data of the day. 
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Figure 9. On-site manual wave generating test: (a) one-month mangrove, (b) before the wave test, (c) during the wave test, (d) after the wave test, (e) half-year-old and one-year-old mangroves during the wave test, and (f) half-year-old mangrove pulled out. 
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Figure 10. (a,b) Average mangrove growth in terms of height above the soil and the number of leaves recorded during six months in the laboratory: error bars indicate the range of minimum to maximum. 






Figure 10. (a,b) Average mangrove growth in terms of height above the soil and the number of leaves recorded during six months in the laboratory: error bars indicate the range of minimum to maximum.



[image: Ijerph 18 00590 g010]







[image: Ijerph 18 00590 g011 550] 





Figure 11. Growth of laboratory mangroves in (i) native soil, (ii) mix of sand, silt, and compost, and (iii) pure sand (a) on day of the plantation (5 June 2019), (b) after one month (10 July 2019), (c) after three months (9 September 2019), and (d) after sixth months (10 December 2019): an example of the growth record has been uploaded as a time-lapse video at http://www.ide.titech.ac.jp/~takagi/Labmangrove.html. 






Figure 11. Growth of laboratory mangroves in (i) native soil, (ii) mix of sand, silt, and compost, and (iii) pure sand (a) on day of the plantation (5 June 2019), (b) after one month (10 July 2019), (c) after three months (9 September 2019), and (d) after sixth months (10 December 2019): an example of the growth record has been uploaded as a time-lapse video at http://www.ide.titech.ac.jp/~takagi/Labmangrove.html.



[image: Ijerph 18 00590 g011]







[image: Ijerph 18 00590 g012 550] 





Figure 12. Comparison of average minimum, mean, and maximum temperatures between Tokyo and Amami (Kagoshima Prefecture)—source: Japan Meteorological Agency. 






Figure 12. Comparison of average minimum, mean, and maximum temperatures between Tokyo and Amami (Kagoshima Prefecture)—source: Japan Meteorological Agency.



[image: Ijerph 18 00590 g012]







[image: Ijerph 18 00590 g013 550] 





Figure 13. Typical reef profile before and after damage, adapted from Ahrens (1989) [58]. 
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Figure 14. Required weight of single stone against a given wave height. 
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Figure 15. Crest height reduction factor (hc/hc′) versus wave steepness (Sop). 
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Figure 16. Wave transmission versus relative crest height. 
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Figure 17. Example of a portable reef and mangrove planting. 
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Table 1. Design conditions.
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	Variables
	Notation
	Value





	Wave heights
	H
	0.3 m



	Wave periods
	T
	2 to 3.5 s



	Water depth
	d
	0.4 m
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