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The Pacific Island Countries (PICs) are exposed to extreme wave conditions which are projected to be exacerbated by rising sea levels due to climate change, prompting the need for strategic planning of coastal communities and assets. Nature-based protection has been proposed as a sustainable solution to promote the resilience of coastal areas from physical impacts such as wave-induced erosion. In this study, we investigate the potential coastal protection service of shallow sub-tidal low-canopy seagrass beds, dominated by Halodule uninervis, on the rate of wave height and wave energy reduction on a barrier and fringing reefs. The data was collected using bottom-mounted pressure sensors to measure wave height and energy reduction as waves moved toward the shoreline across the seagrass beds. The results show that on average, the seagrass beds were able to reduce wave height by 30% and energy by 47% in both reef environments. These reduction rates are strongly influenced by water depth, seagrass characteristics and local reef conditions. Based on these results, seagrasses can strengthen the resilience of coastal shorelines to wave erosion, thus conserving healthy low-canopy seagrass habitats has measurable benefits for shoreline protection in Fiji and other PICs.
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Introduction

Seagrasses are unique marine flowering plants that form diverse, extensive beds in shallow coastal waters, with nearly half of the global seagrass coverage occurring in the Indo-Pacific (Waycott et al., 2011; McKenzie et al., 2021). Seagrass beds can be made up of a single species or exist as a mixed bed with several species (Vonk et al., 2008) and are found along the coastline of all continents except Antarctica (Short et al., 2007). Many ecosystem functions and economic services are provided by seagrass beds but some of these like coastal protection are indirect and quite often overlooked (Brodie et al., 2020a). These services include pathogen reduction (Lamb et al., 2017), nutrient cycling and particle trapping, stabilization of sediments (Cullen-Unsworth et al., 2014), provision of food for associated faunal species (Nordlund et al., 2016; Nordlund et al., 2018), and habitat and nursery grounds for commercial and recreational fish (York et al., 2017). It is increasingly recognised that a service provided by seagrass beds is carbon sequestration. Seagrass beds are classified as blue carbon ecosystems alongside mangroves and marshes, and recently, these ecosystems have recently gained attention for their potential to aid in climate change mitigation (Bedulli et al., 2020). Furthermore, seagrass ecosystems are among the most efficient natural carbon sinks on the earth, sequestering CO2 through photosynthesis and storing organic carbon beneath their soils for decades to millennia (Macreadie et al., 2021). These services make seagrasses one of the most valuable ecosystems on earth considering the numerous services provided to the marine environment, the climate, and human societies.

Seagrass beds are also known for their ability to alter local hydrodynamics such as reducing current magnitudes (Fonseca et al., 1982; Fonseca and Koehl, 2006; Lowe et al., 2007), wave velocity, and turbulence (Luhar et al., 2010; Ma et al., 2013) wave setup (van Rooijen et al., 2016a) as well as reducing wave energy (John et al., 2015; Van Rooijen et al., 2015; Serrano Ureña, 2016; James et al., 2021). These interactions allow seagrasses to play an important role as a natural barrier in coastal environments (van Rooijen et al., 2016b) thereby playing an important role in mitigating the impacts of coastal hazards such as wave energy and coastal erosion (Ondiviela et al., 2014; Guannel et al., 2016; Arkema et al., 2017; James et al., 2021). Thus the presence of nearshore seagrass beds places them as natural coastal protection and coastal managers and engineers are becoming increasingly aware of this nature-based service (James et al., 2021).

Annually, billions of dollars are lost due to the damage caused by natural coastal hazards such as coastal erosion and flooding (Hinkel et al., 2013; Hinkel et al., 2014). The damage inflicted by these events is projected to be greater future with increasing sea levels and cyclones intensity (Woodruff et al., 2013; Neumann et al., 2015) placing the livelihoods of coastal communities in low-lying countries such as those in the Pacific at greater risk (McInnes et al., 2014; Quataert et al., 2015; Vitousek et al., 2017; Storlazzi et al., 2018; Vousdoukas et al., 2018). To mitigate the risk of significant damages, effective strategies need to be implemented and at the moment, engineered solutions such as seawalls are widely adopted. But the engineered mitigation approaches are expensive to construct and maintain, thereby shifting the attention to the option of natural ecosystems to build resilience by integrating ecosystem services into adaptation strategies (Arkema et al., 2017).

Globally, utilising natural ecosystem services as a solution for climate adaptation and mitigation is increasingly recognized (Gattuso et al., 2018; Bindoff et al., 2019). The IPCC AR6 report on climate change mitigation stated that the protection of coastal ecosystems is a mitigation option and should be advocated as a climate solution on a national scale with multiple benefits (Lecocq et al., 2022). However, such benefits cannot be fully utilized due to a lack of available information which is often the case in the Pacific Island Countries (PICs). Hence, it is important to fully understand how natural ecosystems like seagrass beds can play a role in climate change mitigation and adaptation and to work actively to fill gaps in our knowledge as seagrasses are found in eleven of the fourteen Pacific Small Island Developing States (PSIDS) (Brodie et al., 2020b).

The Nordlund et al. (2016) study on ecosystem services provided by seagrass genera looked at six bioregions where they found information gaps on coastal protection service for “low canopy” (relatively small blade size) seagrass species such as Halodule uninervis in the Tropical-Indo Pacific. The current study, therefore, addresses this information gap by measuring if H. uninervis dominated seagrass beds, in two different shallow coastal environments in Fiji, provide measurable wave energy reduction using in-situ field data.

In Fiji, seagrass habitat is significant in nearshore areas and has ecosystem services that underpin local livelihoods (McKenzie and Yoshida, 2020). The current status and condition of seagrass resources in Fiji are not considered to be in decline however only about 16% of Fiji’s seagrass resources are estimated to occur within marine protected areas (McKenzie et al., 2021). To date, the majority of seagrass research published for Fiji focuses on intertidal rather than sub-tidal areas.





Materials and methods




Study locations

The study was conducted in Fiji, an island group in the South Pacific Ocean (Figure 1A). The study locations (1) Suva Lagoon and (2) Maui Bay are on the southern coast of Fiji’s main island of Viti Levu (Figure 1B). These locations were selected because (1) they were found within two different nearshore reef system types, a barrier reef, and a fringing reef as discussed by Guannel et al. (2016), (2) they both had continuous shallow sub-tidal Halodule uninervis dominated seagrass beds for which no information is available on coastal the protection service offered in the tropical pacific region (Nordlund et al., 2016), and (3) because they were both located close to existing semi-permanent tide recording data loggers that could be utilised to validate the accuracy of the pressure sensors used for collecting wave data.




Figure 1 | (A) Fiji’s position within the South Pacific Ocean. (B1) Suva Lagoon and (B2) Maui Bay are the two study locations on the island of Viti Levu. (C) Within Suva Lagoon and (D) Maui Bay, pressure sensors (red dot markers, inserts C1, D2) were deployed 100m apart on either end of the seagrass bed and non-seagrass (control) bed denoted with transects (red line, inserts C1, D2).



Suva Lagoon is sheltered by barrier reefs including Suva’s main Sosoikula barrier reef where fieldwork was conducted (Figure 1C). The fieldwork at Sosoikula was undertaken sub-tidally at the back edge of the barrier reef (Figure 1C. inset 1.). Separating the barrier reefs are deep channels and passages that allow currents to be driven by both tidal cycles and local wind conditions (Singh and Aung, 2008). The tidal cycle in Suva Lagoon as in most other places is semidiurnal. The average annual high and low tide records for Suva Lagoon are 2.11m and 0.26m. A nearshore wave hindcast for Suva (over 30 years between 1979 and 2013) estimated the annual mean wave height and wave period to be 1.30m and 13.33s respectively (Bosserelle et al., 2015a).

Maui Bay to the west of Suva Lagoon is sheltered by a 650m wide fringing reef with a relatively shallow reef flat (Figure 1D). The fieldwork in Maui Bay was undertaken sub-tidally at a jetty area straight off the shore (Figure 1D. inset 2.). Although jetties have been found to have influence some on local hydrodynamics such as increased wave set-up (e.g. António et al., 2020) which may also be the case for Maui Bay, the current study does not capture this information but can be recommended for future studies. A nearshore wave hindcast for Maui Bay (over 30 years between 1979 and 2013) show the annual mean wave height to be 1.07m with a mean wave period of 13.89s (Bosserelle et al., 2015a). The water levels on the reef flat are mostly controlled by waves which are modulated by a semidiurnal tide spring and neap cycles (Wandres et al., 2020). The average annual high and low tide records for Maui Bay are 2.12m respectively, and depth-averaged currents are modulated by infragravity waves and oriented toward the shore (Bosserelle et al., 2015b). In both study locations, H. uninervis dominated seagrass beds are present (Chand, 2019; Singh et al., 2019).





Seagrass bed canopy characteristics

Seagrass bed canopy characteristics were collected to establish the effect of seagrasses on wave energy reduction in the sub-tidal coastal zones. In both locations, a 100m transect was laid out perpendicular to the shoreline from the shoreward edge to the ocean-facing edge of the seagrass beds before data collection commenced. Following the method of Duarte and Kirkman (2001), blade height, blade width, and shoot density were recorded in a 50 x 50 cm quadrat every 10 m along the 100 m transect to determine the above ground physical characteristics of the seagrass beds. Five blade widths and blade height measurements were made per quadrat and averaged. The average shoot density was calculated using smaller squares of 25cm x 25cm, where the total values per square were multiplied by 16 to calculate shoot density for 1 square meter. Then using Excel, the confidence intervals of each seagrass characteristic were calculated.





In situ wave parameters

In situ wave data were collected sub-tidally using four RBRsolo3 pressure sensors (accuracy ± 0.05% FS and resolution< 0.001% FS). The pressure sensors were deployed at each location with two being placed 100 meters apart (end of transect) on the seaward and shoreward side of the seagrass bed and two in equivalent positions in an adjacent non-seagrass bed (Figures 1C, D, insets 1. and 2.). The positioning of the sensors was made to provide two adjacent transects for which environmental parameters were as close as possible in all regards except for the presence or absence of seagrass (the latter being the control). This included making sure the angle of transects to the approaching waves was equivalent. The pressure sensors were preprogrammed to record pressure readings continuously at one 1Hz for 6 days, and the spectral data was stored internally and downloaded upon retrieval. The data collection in Suva Lagoon was conducted in mid-December 2018, while the data collection in Maui Bay was collected in mid-February 2019.

The deployment periods fall during the wet season in Fiji (November to April) when cyclones usually occur, bringing swells to Fiji’s coastal waters. Such energetic wave conditions were observed to have an impact on seagrasses such as defoliating the leaves and even uprooting the plants thereby affecting their wave reduction ability (e.g. Oprandi et al., 2020; James et al., 2021). The deployments were therefore timed to capture the most energetic wave conditions possible. However, during the field study only calm conditions were recorded.





Wave analysis

Raw data collected by the pressure sensors were analysed and compared to data obtained from nearby semi-permanent tidal gauges (previously deployed by the Pacific Community (SPC) close to the study locations) to verify sensor performance during the six-day deployment periods. Then, using MATLAB2018b software, a spectral analysis was performed on the raw pressure time series data using the Fourier transformation method. Following Wandres et al. (2020) the significant wave heights were calculated from the partially integrated power spectrum using Equation (1).

 

Where f is the frequency and E is the energy spectral density of the wave spectrum. The cutoff frequencies for shortwave were set to fmin = 0.02 and fmax = 0.6 Hz (wave period between 1.6 and 50 seconds). Using the method proposed by Denny (2014), the resulting significant wave heights were consequently converted into wave energy using the equation for kinetic energy per area for linear waves (Equation 2).

 

Where E is wave energy, ρ is the density of seawater = 1025 kg/L, g is the acceleration due to gravity = 9.81 m/s2 and   is the hourly significant wave heights raised to the power of two.





Wave reduction calculations

Overall wave reduction was calculated by subtracting the wave heights and wave energy on the shoreward side from wave heights and wave energy at the seaward side of the seagrass bed and non-seagrass bed using Equation 3 and Equation 4.





Furthermore, wave height and wave energy reduction were expressed as percentages to distinguish the rate of wave reduction at different water depths using Equation 5 and Equation 6.









Statistical analysis

Statistical analysis was conducted to test the null hypothesis that wave height and energy reduction were no different in the seagrass and non-seagrass areas at the study sites using Excel and IBM SPSS Statistical software. Linear regressions were conducted to determine the association between wave height reduction and wave energy reduction, as well as water depth vs. wave height reduction. Mann-Whitney U Tests compared the wave height reduction and wave energy reduction between the seagrass and non-seagrass areas. The non-parametric Mann-Whitney U Test was used as data were not normally distributed.






Results




Seagrass bed canopy characteristics

The Suva Lagoon seagrass bed was found to have an average shoot density of 2,500 ± 20 shoots per meter square and an average leaf blade width of 0.36 ± 0.05cm and a leaf blade length of 15.17 ± 4cm (Table 1). Maui Bay on the other hand had a seagrass bed with an average shoot density of 1,200 ± 15 shoots per meter square, a leaf blade width of 0.34cm ± 0.03, and a leaf length of 12.51 ± 3cm. The Halodule uninervis dominated seagrass bed in Suva Lagoon was therefore significantly denser and had a longer leaf blade length.


Table 1 | Comparison of average Seagrass bed canopy characteristics (shoot density, blade size, and length) for Suva Lagoon and Maui Bay locations with 95% Confidence Interval (±).







Wave characteristics

The six-day raw time series water depth data showed a close fit with data obtained from the nearby tide gauges at both locations for the same deployment period (Figure 2), thereby confirming the suitability of the data for further analysis. In both study locations, waves are primarily wind-driven, with average significant wave heights noted during the deployment period ranging from 0.07m within the seagrass bed to 0.1m at the non-seagrass area in Suva Lagoon (Figures 3A, B), and 0.13m in the seagrass bed to 0.12m at the non-seagrass area in Maui Bay.




Figure 2 | Comparison of time series water depth data recorded by the pressure sensors deployed in the current study with water depth data over the same time period measured by existing semi-permanent tide gauges in the two study locations (A) Suva Lagoon and (B) Maui Bay.






Figure 3 | Comparison of wave height (Hs) between (A) seagrass bed and (B) non-seagrass (control) bed and the percent of wave (Hs) reduction (C) and wave energy (E) reduction (D) at different water depths in the seagrass bed area and non seagrass area in Suva Lagoon.



The wave analysis performed for both locations showed a clear reduction of wave heights in the seagrass beds compared to the non-seagrass areas (Figures 3A, B, 4A, B). In Suva Lagoon, a maximum wave height of 0.075m recorded at the seaward side of the seagrass bed decreases to 0.04m by the time it reaches the shoreward side (Figure 3A), resulting in a reduction of 0.035m. In the non-seagrass area however, there was a 0.02m increase in wave height from the maximum wave height of 0.082m that was recorded at the seaward side of the area. This resulted in a maximum wave height of 0.1m observed at the shoreward side of the non-seagrass area (Figure 3B). In Maui Bay, a maximum wave height of 0.13m recorded at the seaward of the seagrass bed experienced 0.02m reduction resulting in maximum wave height of 0.11m at the shoreward side (Figure 4A). In contrast, waves in the non-seagrass area showed little reduction in height (Figure 4B).




Figure 4 | Comparison of wave height (Hs) between (A) seagrass bed and (B) non-seagrass bed (control) and the percent of wave (Hs) reduction (C) and wave energy (E) reduction (D) at different water depths in the seagrass bed area and non seagrass area in Maui Bay.



Further analysis was performed for wave reduction at different water depths to determine the reduction for different submergence ratios between seagrass leaf blade length and the water column, and the influence of water depth on the rate of reduction. Wave height and wave energy reduction at water depths between 0.5m - 2m were observed (Figures 3C, D, 4C, D). Waves travelling through the seagrass bed in Suva Lagoon experienced up to 45% reduction in wave heights and a 70% reduction in wave energy (Figure 3C) as compared to the non-seagrass area where maximum wave height and a wave energy reduction of 15% and 23% were observed (Figure 3D). The opposite trend was observed for the Maui Bay seagrass bed where the maximum wave height reduction is 96% in the seagrass bed and 52% in the non-seagrass area at water depths less than 1m (Figure 4C). However, wave height reduction in seagrass bed dropped to 30% and 10% in the non-seagrass area respectively as the water depth increases beyond 1m. In terms of wave energy, the reduction was also noticeable in the 0.5m to 1m water depth range. There was a 100% wave energy reduction in the seagrass bed and a 76% reduction in the non-seagrass area at water depths less than 1 m (Figure 4D). In contrast, for water depth over 1m, the seagrass bed was able to reduce wave energy by up to 50%, whereas only 25% reduction in energy was recorded at non-seagrass areas.

The rate of wave height and energy reduction imposed by the seagrass bed in Suva Lagoon increases with the water depth (Figures 3C, D). The opposite trend is observed for the seagrass bed in Maui Bay where the rate of water height and energy reduction decreases with decreasing water depth (Figures 4C, D). This suggests that the water depth may affect the way seagrass beds reduce wave energy in different sub-tidal reef environments, but further study is needed to ascertain this. The overall pattern deduced from the results is that seagrass beds in the study location always reduce wave height and energy up to 2m water depth. In Suva Lagoon, the reduction of wave energy increases with depth, whereas in Maui the reduction decreases with depth.





Statistical outputs

The linear regressions identified associations between wave height reduction, wave energy reduction and water depth, and showed an overall significant association in wave reduction between the seagrass bed and the non-seagrass bed in Suva Lagoon and Maui Bay.

For the study site in Suva lagoon, there is a strong positive relationship between wave height reduction and wave energy reduction in the seagrass bed (r2 = 0.94, F = 2410, p<0.001) as well as the non-seagrass area (r2 = 0.91, F = 1451, p<0.001). When looking at the effect of water depth on wave height reduction and wave energy reduction, there is a weak positive relationship in the seagrass bed for water depth vs. wave height reduction (r2 = 0.78, F = 525, p<0.001) and water depth vs. wave energy reduction (r2 = 0.66, F = 289, p<0.001). On the other hand, in the non-seagrass area, there is a negative relationship between water depth and wave height reduction (r2 = 0.41, F = 103, p<0.001) and water depth and wave energy reduction (r2 = 0.43, F = 112, p<0.001).

For the study site in Maui Bay, there is a positive relationship between wave height reduction and wave energy reduction in the seagrass bed (r2 = 0.47, F = 132, p<0.001) as well as the non-seagrass area (r2 = 0.75, F = 433, p<0.001). In terms of the effect of water depth on wave height reduction and wave energy reduction, there is a weak positive relationship in the seagrass bed for water depth vs. wave height reduction (r2 = 0.04, F = 5, p>0.001) and water depth vs. wave energy reduction (r2 = 0.36, F = 82, p<0.001). A similar weak positive relationship is also observed in the non-seagrass area for water depth vs. wave height reduction (r2 = 0.02, F = 2, p>0.001) and water depth vs. wave energy reduction (r2 = 0.14, F = 23, p<0.001).

The Mann-Whitney tests show that there is a significant difference in wave height reduction and wave energy reduction between the seagrass bed and non-seagrass area at the study locations (p-values< 0.0001 at α = 0.05) (Table 2). The overall effect observed is that wave height and energy reduction were greater in seagrass beds compared to non-seagrass areas in both Suva Lagoon and Maui Bay.


Table 2 | Outputs of the Mann-Whitney U Test (α = 0.05, n = 150) assessing the wave height (Hs) reduction and wave energy (E) reduction between the seagrass and non-seagrass transects at the study locations.








Discussion

The rate of wave energy reduction in seagrass beds has been studied primarily on high canopy seagrass genera, in both laboratory and field settings elsewhere (e.g. Fonseca and Cahalan, 1992; Bradley and Houser, 2009; John et al., 2015; John et al., 2016; James et al., 2021), but not much in the Pacific Islands where there is lack of research and information. In the present study, we investigated wave reduction in low-canopy sub-tidal seagrass habitats in two different types of coastal reef systems using in situ field observations. Our results indicate that the presence of seagrass beds makes a significant difference to the overall wave height (30% reduction) and wave energy (47% reduction) moving toward the shoreline, resulting in a gradual release of wave energy which lessens the strength of wave energy impacting the shoreline.

Considering that H. uninervis is a tropical Indo-Pacific occurring species (Short et al., 2007), a comparison was made with Enhalus acoroides, the only species from the same region used in similar studies that were conducted in a laboratory setting (John et al., 2015). Both studies showed that E. acoroides wave height reduction of approximately 50% is higher than that of H. uninervis that we observed in Suva Lagoon (by 5%), but lower than the maximum wave height reduction observed in Maui Bay (by 46%) (Figures 3C, 4C; Tables 3, 4). Additionally, a study conducted by Reidenbach and Thomas (2018) showed that Zostera marina with a canopy height of 53cm was able to reduce wave height by 25–49%. This finding coincides with Ondiviela et al. (2014) who stated that seagrass with large canopy height such as E. acoroides might provide higher wave reduction than the smaller seagrass species. However, H. uninervis despite having a relatively small blade length (12-15cm) compared to E. acoroides (30-150cm) and Zostera marina, managed to impose considerable wave height reduction during the study period, thus confirming its effectiveness in reducing wave height.


Table 3 | The maximum recorded wave height (in meters and percentage) and wave energy reduction (in percentage) for the study locations.




Table 4 | Percent wave height reduction due to water depth as observed in the current and prior studies.



In terms of wave energy reduction, H. uninervis was found to impose reduction rates comparable to high canopy seagrass species like Halodule wrightii, Syringodium filiforme, Thalassia testudinum, all of which occur primarily in the tropical Atlantic region and Zostera marina a seagrass species found in the temperate Pacific and Atlantic region”. These seagrasses have blade lengths of 20cm, 65cm, 30 cm and 100 cm respectively (Short et al., 2007). A preliminary evaluation of wave reduction by these four seagrasses conducted by Fonseca and Cahalan (1992) showed approximately 40% percent wave energy reduction per meter of each seagrass bed. Our results showed that H. uninervis has an energy reduction rate between 30% - 47% in Suva Lagoon (Figure 3D) and up to 100% in Maui Bay (Figure 4D) depending on local conditions (Table 3). This suggests the effective role that H. uninervis beds may have in reducing wave energy.

Our study also showed that water depth has a significant influence on wave reduction which is consistent with the findings of Brander et al. (2004); Manca (2010); Prinos et al. (2010); Koftis and Prinos (2011); Stratigaki et al. (2011); John et al. (2015); Reidenbach and Thomas (2018) (Table 4). Water depth affects reduction through the submergence ratio (seagrass canopy height/leaf length to water depth). In Suva Lagoon, where the water depth ranges from 0.5m at low tide to 2.5m during high tide, H. uninervis reduced wave height and energy with increasing water depth (Figures 3C, D). This result contradicted Fonseca and Cahalan (1992), who stated that wave energy reduction is expected to be higher in lower water depths. It is suspected that the dense Suva Lagoon seagrass bed may have forced a raised flow level above the top canopy of the seagrass creating a different flow regime thus a different energy reduction profile. This also suggests that the structural characteristics of seagrass canopies may be important in determining microscale hydrodynamics, but additional study is required to confirm this. On the other hand, the results from Maui Bay (fringing reef) agree with Fonseca and Cahalan (1992) finding, showing a decrease in wave height and energy reduction as the water depth increases (Figures 4C, D). This observation suggests that even though water depth has a strong influence on wave reduction in seagrass beds, the effectiveness of H. uninervis in reducing wave height and energy is not the same for different locations and may also depend on the location of the seagrass bed in the reef environment.

For Suva Lagoon results, it appears that the seagrass bed does not effectively reduce wave energy in very shallow water, but as water depth increases (0.5m or more), the seagrass bed becomes more effective at wave energy reduction (Figure 4D). In very shallow water, it can be assumed the waves are swashing in (i.e. have broken), whereas in shallow water, the waves are rolling in and breaking partly due to increased drag on the seabed caused by seagrass, which causes the wave to topple forwards and break (Figure 5). However, it should be noted that in Suva Lagoon, these shallow depths occur at low tides during the deployment period.




Figure 5 | (A) The evolution of waves travelling towards shore from the ocean. (B) A qualitative overview of the hydrodynamic conditions within a conceptual seagrass bed (not to scale). The reduction in wave height is represented by a fine black oscillatory line between the two red horizontal lines along the seagrass bed. The direction of wave propagation is from left to right. The black ellipses with arrows indicate the wave orbitals. Vertical profiles of the mean current (heavy grey lines) are shown upstream, downstream, and in a seagrass bed. At each position, the vertical dashed lines indicate the axis position for the profile. The local circulation pattern, shown by the large grey arrows, results from the difference in the velocity profile within and outside the meadow. Figure 5B is adapted from the work of Luhar et al. (2010).



In management terms, this (possibly) means two things: First, seagrass has an upside-down U-shaped effectiveness, with wave energy being maximally reduced when the wave bottom drags in the seagrass bed (Figure 5). If the water is too deep, the wave system will not be affected, and if the water is too shallow, the wave will be in swash mode, which is less effective at reducing energy. The optimal point of the U-shaped curve is affected by tidal height and seagrass blade length. Secondly, in storm conditions the bigger wave system will move the zone of most effective energy reduction into deeper water as the drag on the bottom of the wave system to make it topple will be deeper. The shifting of the optimal energy reduction zone means that seagrass has to cover various depths (with the possible presence of different species in some places), not just a strip across at a single depth, as wave depth and tidal height will affect the zone of optimal energy reduction. Furthermore, different depth zones of the seagrass beds operate in different conditions, with shallow seagrass beds providing energy reduction to reduce more normal conditions (and reducing incremental erosion), whereas a deeper seagrass bed operates in big wave/storm conditions to break incoming waves (and reduce overtopping, coastal flooding, etc.) (Guannel et al., 2016; James et al., 2021). This highlights the importance of protecting seagrass beds as well as shallow near-shore zones.

Shoot density was also found to significantly affect wave height reduction along a vegetation bed (Manca, 2010; Stratigaki et al., 2011; Manca et al., 2012). Manca et al. (2012) conducted studies on two P. oceanica shoot densities (360 shoots/m2 and 180 shoots/m2) and found wave height reduction between 10% - 35%. Infantes et al. (2012) conducted a study on the same species with a higher canopy density of 600 shoots/m2 and found that the reduction rate was approximately 50%. This study showed similar results when H. uninervis shoot density was taken into account. The results showed that a denser seagrass bed in Suva Lagoon (2,500 shoots/m2) imposed higher wave reduction compared to the less dense seagrass bed (1200 shoots/m2) in Maui Bay (Table 1).

With global warming threatening coral reef health and rising sea levels accelerating coastal erosion and threatening shoreline stability, it is time to pay attention to the coastal protection services provided by natural ecosystems such as seagrass meadows (Guannel et al., 2016). Guannel et al. (2016) and Unsworth et al. (2018) projected that when 90% of coral reef is lost; seagrass meadows will continue to provide important ecosystem services such as coastal protection. But the level of wave height and energy reduction provided by seagrass meadows is dependent on the height of the seagrass canopy relative to the local water level. For situations where the seagrass canopy occupies less of the water column, as is the case expected with increasing sea levels, the effectiveness of seagrass at attenuating waves may be reduced (Barbier et al., 2008). Additionally, storms have been found to impact coastline protection offered by seagrass meadows through defoliation and uprooting of the plants (Guannel et al., 2016; Lebbe et al., 2021). However, a study conducted by James et al. (2021) who investigated tropical Biogeomorphic seagrass landscapes for coastal protection shows that despite losing out on the ability to reduce wave energy, the extensive root system of the meadow still stabilizes coastal sediments thereby preventing erosion.

In the Pacific Islands, the importance of seagrass ecosystems to coastal protection is often overlooked due to the lack of awareness of the importance of seagrass ecosystem services (Pascal et al., 2015; Brodie et al., 2020a; Brodie et al., 2020b). Across Pacific Island countries, a lack of recognition, local capacity, mapping, and explicit policies to protect seagrass ecosystems hinders conservation efforts (McKenzie and Yoshida, 2020). Despite being a preliminary study, the results presented here highlight the importance of seagrass ecosystems in coastal protection and are relevant to other locations in the Pacific.





Conclusions and reccomendations

Seagrass beds of Halodule uninervis were shown to reduce wave height and energy and assist in the gradual release of energy as the wave travels towards the shoreline. It can be cheaper and more sustainable to rely on natural ecosystems to provide resilience to wave-based erosion. By promoting and integrating ecosystem services into adaptation strategies, cost-effective solutions may be developed which obviate the high cost of building and maintaining engineered solutions (Arkema et al., 2017). The coastal protection service provided by the seagrass beds is particularly important with climate change as the projected increase in sea level rise and wave energy continues to cause coastal erosion and flooding. The level of wave energy reduction provided by seagrass meadows is dependent on the height of the seagrass canopy relative to the local water level (Guannel et al., 2016; Lebbe et al., 2021). Therefore healthy seagrass beds should be protected to ensure proper development of the physical characteristics of seagrass (canopy height, width and shoot density) that interact with waves thereby maintaining the effectiveness of seagrass at reducing wave energy.

Based on our results, for PICs, we recommend that: (1) the health, printeractions allow seagrasses to playotection, and conservation of seagrass beds be explicitly included in future coastal restoration or remediation activities, (2) that seagrass beds are more widely acknowledged to provide coastal protection and can contribute to nature-based solutions to climate change resilience, and (3) that future studies should build on the current work to obtain equivalent data under storm or cyclone conditions and that longer-term data collection (preferably a year) is undertaken to capture the seasonal influence of seagrass canopy changes on coastal protection.
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