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This study reports findings of an analysis of modifications to the incident wave field caused by constructed Oyster Castle® breakwater systems at Gandys Beach Preserve in Downe Township, NJ. The Nature Conservancy’s (TNC) Gandys Beach Preserve is a one-mile stretch of beach located along with intertidal mud flats, sandy beaches, tidal creeks, and salt marshes. Gandys Beach can be classified as a high-energy environment, with open water fetches exceeding 30 miles, and a tidal range on the order of 2 m. The Gandys Beach living shoreline project was designed and constructed by TNC in partnership with the United States Fish and Wildlife Service (USFWS) to investigate the effectiveness of various natural and nature-based features (NNBFs) in protecting and enhancing salt marshes and beaches in high (er) energy environments. Many of the NNBF techniques used at Gandys Beach, such as Oyster Castle® block breakwaters (Oyster Castles), had only been implemented at smaller scales in New Jersey prior to the project. Stevens was contracted by USFWS/TNC to evaluate the impact of the breakwater systems on incident waves. Four breakwater sections along the beach were selected to monitor wave attenuation. Month-long deployments of wave staffs and pressure sensors occurred in the summer and winter of 2019. Analysis of the data indicates that when crests of the Oyster Castles are exposed the breakwater system effectively attenuates waves. However, when the structures are submerged, wave height attenuation decreases, and under certain conditions wave heights behind Oyster Castles can be amplified more than 80%. These results are troubling, especially in areas experiencing sea level rise where the frequency of submergence will likely increase in the future. Due to the complex nature of Gandys Beach, exact mechanisms causing this amplification remain uncertain. Furthermore, transmission coefficients (Kt) above 1 are not typically modeled in existing empirical equations. Seabrook and Hall (Coast. Eng. Proc., 1998, 1 (26), 2000) is the only studied empirical formula that indicated an amplification of the Hs as observed during these field deployments and therefore was used to model Kt. However, poor agreement between the modeled and observed Kt was found and a better predictive tool is needed.
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INTRODUCTION
The coastal areas of New Jersey are highly exposed to waves and storm surge during extreme weather events such as hurricanes or Nor’easters. Erosion is a large component of storm-related damage to both natural and built environments. Storm surges, tides, and heightened water levels can impact coastal marshlands by the uprooting and removal of vegetation, scouring and erosion, and folding, tearing, and compression of the marsh (Guntenspergen et al., 1995). Coastal marshes provide important ecosystem services such as buffering the negative impact of storms by protecting inland areas from erosion and storm surge, making their degradation problematic (Costanza et al., 2006). In fact, coastal wetlands prevented approximately $625 million in direct flood damage alone during Hurricane Sandy (Narayan et al., 2017). However, marshes require large extents to achieve flood and storm protection in inland areas, and marsh edge erosion can reduce marsh size and thus the protectiveness of the marsh (Koch et al., 2009; Gedan et al., 2011).
Delaware Bay wetlands are thought to be more resilient to sea level rise due to their large tidal and plant growth range, sediment supply, low slope, and the availability of open space to migrate inland. At the same time, the Delaware Bay marsh edges are eroding and converting to open water with marsh loss rates of 1.1%–1.9% per decade (Weis et al., 2021). This marsh edge erosion appears to be worsening with sea level rise. An increase of storm frequency and intensity in conjunction with increased water levels will subject marsh edges to increased attack by wave action; in extreme cases this may result in erosion rates of 5–20 m per year (Elsey-Quirk et al., 2019). Given the inland protection and habitat provided by these marshes, it is imperative to reduce the erosion of marshes and the sand areas within them (Niles et al., 2013). Living shoreline projects can provide a more ecologically sensitive approach to reducing marsh edge erosion compared to traditional coastal shoreline protection.
Living shoreline projects, or natural and nature-based features (NNBF), have become an increasingly popular method of shoreline stabilization throughout the United States. Living shoreline projects provide the same protection benefits as traditional coastal protection (i.e., wave attenuation, storm surge, and wave action buffering), maintain natural coastal processes, and provide valuable ecosystem services, while having reduced initial and maintenance costs (O’Donnell, 2017). In some cases, living shoreline projects are more protective than traditional shoreline protection (Gittman et al., 2014; Smith et al., 2018) while enhancing ecosystem services such as carbon sequestration, wave attenuation, and fish nursey habitat (Scyphers et al., 2011; Davis et al., 2015; Gittman et al., 2016).
Oyster reefs and oyster reef structures like Oyster Castles have increasingly been the target of research for use in living shoreline projects. It has been long known that oyster reefs stabilize intertidal sediment and influence hydrodynamics within estuaries (Dame and Patten, 1981). The primary appeal of oyster reefs are their wave attenuation and erosion reduction characteristics. Oyster reefs are currently being investigated for their ability to protect both natural habitat and human infrastructure from wave action. An Oyster Castle installation in Alabama effectively attenuated waves, as well as provided additional ecological benefit including the appearance of some economically important species such as blue crabs; further, it was found that at one of the study locations vegetation retreat was mitigated by more than 40% over two years (Scyphers et al., 2011). Another study on oyster reefs in Virginia found that they can be effective at reducing wave energy, and thusly marsh edge erosion, however; their effectiveness is a function of freeboard (Wiberg et al., 2019).
While some engineering guidance exists for the design of living shoreline projects (Miller et al., 2015; Hardaway et al., 2017) more research is necessary to improve upon this guidance. Living shorelines projects are often designed with minimal budgets so simple empirical formulas are often used in lieu of complex physical or numerical modeling. For this reason, it is crucial that these simple formulas be as robust as possible to ensure adequate design. Adding to the complexity of the problem, even where design formulas exist the variability in the way living shorelines are constructed makes evaluating these formulas in a field setting difficult. Table 1 shows a selection of laboratory and mathematically derived equations for submerged and low-crested breakwater structures along with applicable ranges for various parameters of each equation which might be expected to apply to living shorelines. Numerous publications exist describing design criteria or installations of living shoreline projects, yet there is seldom long-term monitoring data collection associated with these projects; this monitoring data is needed to evaluate the effectiveness of each design.
TABLE 1 | Empirical equations to describe the transmission coefficient for waves over low-crested or submerged breakwater structures and the ranges these equations are valid.
[image: Table 1]SITE DESCRIPTION
TNC’s Gandys Beach Preserve (Gandys Beach) is located on Delaware Bay on the Southwestern coast of New Jersey and has been experiencing loss of marsh through edge erosion since measurement began in 1930 (Conrad, 2015; Weis et al., 2021). The site has large intertidal mud flats, sandy beaches, tidal creeks, and salt marshes. Gandys Beach is a relatively high-energy environment, with recorded wave heights in excess of 0.6 m and a tidal range of 1.72 m (Conrad, 2015). The site is located relatively close to the mouth of the Delaware Bay and is exposed to both wind-wave generated across the local fetch and to ocean waves propagating into and through the bay (Kukulka et al., 2017). Field observations and historic images at the Gandys Beach Preserve indicate significant shoreline erosion with reduced acreage of beach and salt marshes (Conrad, 2015; Weis et al., 2021). Marsh edges have sharp scarps at this site, another indicator of marsh retreat (Mariotti and Fagherazzi, 2010). Estimated shoreline retreat at Gandys Beach is about 500 feet between 1930 and 2007 (Conrad, 2015; Weis et al., 2021). Superstorm Sandy accelerated marsh edge erosion in 2012 causing significant loss of wetlands and shoreline regression in this area (Walling et al., 2017).
The Gandys Beach Preserve living shoreline project (Figure 1) was designed and constructed by The Nature Conservancy (TNC) in collaboration with the United States Fish and Wildlife Service (USFWS) to mitigate the effects of marsh edge erosion at the preserve. TNC installed a variety of living shoreline structures paralleling the marsh line along an approximately half-mile stretch of shoreline. These techniques include shell bag breakwaters, coir logs, spartina alterniflora plantings, and Oyster Castle® breakwaters constructed of interlocking blocks to encourage oyster growth (Figure 2). The Gandys Beach living shoreline project originated as a trial or “living laboratory” project to test the use of large-scale living shoreline projects in New Jersey after the marsh was damaged during Superstorm Sandy. At the time of its conception, few of the techniques implemented had ever been attempted in New Jersey or were used infrequently or at much smaller scales and typically at lower energy sites (Conrad, 2015).
[image: Figure 1]FIGURE 1 | Photograph of Gandys Beach preserve near Site A, October 2019.
[image: Figure 2]FIGURE 2 | Photograph of Oyster Castle® breakwaters, August 2019.
Sites A, B, C, and D were selected as areas of study as they represent the variety of shoreline at Gandys Beach and are depicted in the orthomosaic in Figure 3. Each site has several Oyster Castles constructed of 30 cm (1 foot) rough hollow blocks with a variety of crest heights and crest widths of 60 cm (2 feet) with gaps ranging from 2 to 5 m between each structure. Each structure was designed to be seven blocks high (3.66 feet from bottom) with the offshore toe along the mean low water line (−3.1 feet NAVD88). However, the oyster castles were largely built by volunteers, so the structures may have settled unevenly or not have been placed exactly where designed. It should be noted that Sites A and D were constructed parallel to the marsh while Sites B and C run parallel to a tombolo. By summer 2019 deployment (S19) the tombolo was mostly eroded; however during the winter 2019 deployment (W19) adaptive management occurred to attempt to reduce erosion. During higher water levels, the tombolo is completely submerged and depending on wave direction, waves can approach breakwaters from both sides.
[image: Figure 3]FIGURE 3 | Orthomosaic created from drone imagery of Gandys Beach Preserve with Sites A, B, C, and D labelled, April 2020.
The Oyster Castle breakwaters are the primary focus of technical studies at this site, most specifically wave attenuation. In 2018 the USGS deployed wave gages and current meters at Gandys Beach along a profile which crossed one of the constructed breakwaters (Stevens’ Site D). During their deployment four Nor’easters occurred. It was observed that wave attenuation initiated by the breakwater was strongly dependent on the ratio between the freeboard of the structure and the offshore wave heights (Wang et al., 2021). This is consistent with laboratory experiments relating breakwaters and the wave attenuation coefficient (Ahrens, 1987; d’Angremond et al., 1996; Seabrook, 1997; Seabrook and Hall, 1998; van der Meer et al., 2005; Buccino and Calabrese, 2007). Swell waves were not found to be dampened effectively by the Oyster Castle breakwaters but wind waves were effectively reduced in height, although occasionally waves were amplified on the leeward side of the breakwaters (Zhu et al., 2020; Wang et al., 2021). Numerous studies have demonstrated the relationship between wind waves and marsh edge erosion, leading to a focus on reducing wind wave heights rather than swell for erosion control (Marani et al., 2011; Leonardi et al., 2016). Overall USGS observed less marsh edge erosion in the area protected by Oyster Castles compared to the control area (Wang et al., 2021).
Data collected from Stevens’ initial wave attenuation studies in 2019 indicate that the Oyster Castle breakwaters were effective at dissipating waves in both summer and winter; the majority of the wave heights were reduced by over 50% on the leeward side of the breakwaters (Kerr and Miller, 2020). However, it was also found that under certain conditions waves were amplified, indicating that the relationship between breakwaters and wave height reduction is not as simple as the relationship between structure freeboard and wave heights as was initially expected (Kerr and Miller, 2020). The current work focuses on identifying the conditions during which these amplification events occur and comparing the observed field data to existing empirical formulations which are based primarily on laboratory data.
FIELD METHODS AND DATA PROCESSING
Stevens deployed instruments at Gandys Beach twice in 2019 as part of this study; the first deployment was in summer 2019 (S19) (August 29 thru 3 October 2019) and the second in winter 2019 (W19) (November 21 thru 20 December 2019). Each deployment included four 4-m Ocean Sensor Systems Wave Logger III (WL3) capacitance wave staffs, four RBRsolo3 D wave16 high-frequency pressure sensors (RBR), and a 1,200 kHz Teledyne Workhorse Sentinel Acoustic Doppler Current Profiler (ADCP). The ADCP was deployed approximately 170 m offshore of the Preserve in 3–5 m of water depending on tide and the RBR and WL3 sensors were deployed in pairs at each of four breakwater locations designated Sites A, B, C, and D (Figure 3). WL3 sensors were placed 2–3 m inshore of the Oyster Castles to measure transmitted wave characteristics and the RBR sensors were placed 2–3 m offshore of the structures to measure incident wave characteristics. Two-meter WL3 were deployed as data quality checks collocated with RBRs at Site A in W19 and Site D in S19 and W19 to ensure measurement consistency.
Wave data were sampled hourly on the hour by the WL3s, RBRs, and ADCP. The ADCP combines pressure data readings with acoustically measured water velocities to extract directional wave climate data. This data was collected using standard 17-min wave bursts. The WL3s measured and recorded water levels at 10 Hz for 20-min bursts. The RBRs measured and recorded pressure at 16 Hz for 17.1-min bursts. The data from the WL3s and RBRs are the basis of this wave data analysis. A real-time kinematic global positioning system (RTK GPS) was used to measure the crest elevation and extent of each Oyster Castle breakwater in NAVD88.
During the S19 deployment some data was lost due to several disruptions to data collection. The RBR at Site A had a firmware issue resulting in data loss between August 29 and 19 September 2019; simultaneously, the WL3 at Site A also experienced intermittent dropouts. Therefore, S19 Site A is completely excluded from analysis due minimal data overlap. At Site B, the WL3 was knocked over on 10 September 2019, resulting in a partial dataset for S19. Data loss was minimal, so this dataset is included in this analysis.
These data collection efforts are part of a four-year study for TNC which includes additional winter and summer deployments in 2021 and 2022. In addition to water level, wave data, and breakwater crest elevations, bathymetric and topographic datasets were collected during the 2019 deployments and will be collected again during the 2021/2022 deployments. Analysis of temporal trends will continue as additional data is collected and processed.
WL3 data were processed using a moving average filter in MATLAB to remove tidal variations (detrend) from the water level data. A zero up-crossing wave analysis was performed using the MACE toolbox to determine individual wave heights and periods (Barker et al., 2012) of the detrended data; significant wave height and mean period were then calculated for each resultant 17-min burst of detrended water level. RSKtools, provided by RBR Ltd., was used to extract wave statistics from the raw RBR datasets; this software uses a similar zero-crossing methodology for analysis and accounts for pressure attenuation with depth. For both RBR and WL3 data, significant wave heights less than 5 cm were considered “too small” to be reliably compared and removed from further analysis. Bulk statistics comparing RBR and WL3 data sets were then calculated over a 20-min period. Additionally, reflected waves were not separated in this analysis due to the limited number of gauges (Grønbech et al., 1997). The ADCP data was initially processed using Teledyne’s WaveMons software and then extracted to MATLAB for further analysis.
The effectiveness of the Oyster Castles at reducing wave heights was evaluated in terms of a wave transmission coefficient (Kt) calculated using the following formula:
[image: image]
where Ht is the transmitted wave height as measured by the WL3 inside the Oyster Castle structure and Hi is the incident wave height as measured by the RBR outside of the Oyster Castle. A Kt value greater than 1 indicates that the transmitted wave height is larger than the incident wave height.
As discussed previously, wave transmission can also be related to the freeboard of the structure. Freeboard is calculated using the crest height of each structure and the water level as measured by the WL3 and is adjusted to account for the height of the instrument. Freeboard (F) is calculated as follows:
[image: image]
where h is the Oyster Castle crest height and d is the water depth at the Oyster Castle. Negative freeboard values indicate breakwater submergence while positive values indicate that the breakwater crest is exposed.
Wave steepness (S) is known to indicate the potential for a wave to be erosional or accretional and is calculated as follows:
[image: image]
where Hi is incident significant wave height, and L is wavelength. Limited research on wave steepness erosion thresholds exist in marsh environment; the majority of wave steepness erosion research is along sandy coastlines with a steepness threshold ranging from 0.01 to 0.03, and a typical value of 0.025 (King and Williams, 1949; Kana, 1977; Masselink et al., 2010; Lemke and Miller, 2020). Due to the lack of literature on erosional wave steepness for marshes, a wave steepness threshold of 0.017 was selected by averaging the wave steepness of the measured incident waves associated with transmission coefficients > 1. This value does not reflect true erosional conditions in marshes; however, it does provide a basis for beginning to analyze the erosional or accretional behavior of waves at a marsh edge.
Observed wave transmission coefficients were compared to the wave transmission coefficient modeled with Seabrook and Hall (1998). The Seabrook and Hall formula was selected because of all the formulas presented in Table 1, the Seabrook and Hall formula is the only one that produces instances of Kt > 1 and that was tested under 3-D conditions. The Seabrook and Hall (1998) formula is as follows:
[image: image]
where F is freeboard, H is incident significant wave height, B is crest width, L is wavelength, and Dn50 is nominal stone diameter. For all sites, Dn50 is 30 cm and the constructed crest width is 0.5 m. The Seabrook and Hall formula is most sensitive to relative freeboard (F/Hi) and relative crest width (B/Hi), the dimensionless ratios of freeboard and crest width, respectively, with incident significant wave height.
RESULTS
Wave data were collected during two seasonal deployments at Gandys Beach. During S19 and W19 conditions varied, with larger incident wave heights and shorter periods being measured in W19 as summarized in Table 2. This reflects differences in seasonal storminess typical in the area. No storms occurred during the S19 deployment, while a large storm and multiple smaller storms occurred during W19, as seen in the elevated water levels depicted in Figure 4.
TABLE 2 | Average significant wave height and period during S19 and W19 for both incident and transmitted waves during instances of amplification (Kt > 1) and reduction (Kt < 1).
[image: Table 2][image: Figure 4]FIGURE 4 | Water levels during S19 (A–C) and W19 (D–G) at Site A (D), B (A,E), C (B,F), and D (C,G). Amplificated wave height (Kt > 1) is indicated by stars and x’s. Yellow stars and red x’s indicate if amplification is on the falling or rising tide, respectively. The bold horizontal line indicates the Oyster Castle crest elevation at that Site.
The hourly, 20-min burst sampled wave gauge data collected during S19 and W19 were analyzed to determine the significant wave height, mean wave period (period), and mean water level. These data were then used to calculate wave steepness and wave transmission coefficients. Significant wave heights ranged from 0.05 to 0.7 m over the two deployments, with the average significant wave height higher during the W19 deployment (0.20 m) than during the S19 deployment (0.15 m). Wave periods ranged from around 2 s to just over 6 s over the deployments; average wave period longer in the S19 deployment (3.4 s) than in the W19 deployment (2.9 s). Variations in significant wave height and wave period were observed between the four sites. It should be noted that Sites B and C are separated by a predominantly submerged tombolo while Sites A and D both front the marsh. The average calculated Kt value was also slightly larger during the W19 deployment (0.7) than during the S19 deployment (0.6).
Regardless of season, structure orientation relative to the incident wave field was found to have minimal impact on the transmission coefficient. In Figure 5, the direction of wave approach (degrees from North) is plotted against Kt and Hi. Structure perpendicular is indicated by a bold vertical line with a 45° buffer indicated by dashed vertical lines on each side to indicate the wave directions that are considered “directly approaching” each structure. Transmission coefficient displayed similar behavior at each breakwater site, independent of incident wave direction.
[image: Figure 5]FIGURE 5 | Incident wave direction and significant wave height (open red circle) from offshore ADCP and transmission coefficient (Kt) (filled blue circle) during S19 (A–C) and W19 (D–G) and at Site A (D), B (A,E), C (B,F), and D (C,G). Direction of structure perpendicular is indicated with vertical lines and have a ± 45o range. Direction of approach does not appear to have a meaningful impact on transmission coefficient.
While the majority of waves appear to be attenuated by the structures, periods of wave height amplification were observed in both seasonal datasets. In the S19 data, amplification events were more limited, and tended to occur during a small number of individual events. On the contrary, in the W19 dataset, wave amplification occurred throughout the record with amplification events more clustered during storms (Figure 4). Incident wave heights tended to be larger during cases of amplification during W19, but not necessarily during S19. Incident wave periods were relatively similar regardless of wave transmission coefficient, however transmitted mean wave periods tended to be shorter than incident mean periods (Table 2). This observed decrease in mean period is likely due to the variety of complex processes occurring at this site; waves transmitting over, around, and through structures, waves breaking or shoaling on structures, waves reflecting off the marsh, and the influence of currents.
The significant wave height and mean wave period of the incident waves, along with the freeboard were examined during instances of wave amplification (Kt > 1) (Figure 6). Overall, for Kt > 1, mean wave heights ranged from 0.05 to 0.6 m, mean wave periods ranged from 2 s to 4 s, and freeboard ranged from −2.5 to 0.5 m. The most frequent amplification events occurred when wave heights were between 0.1 and 0.3 m, periods were between 2.5 and 3.5 s, and freeboard was between −1.5 m and −0.5 m. In 8 out of 240 recorded instances of amplification, structures were emergent. These occurrences may be due to waves transmitting through the gaps between structures, waves reflecting off the marsh edge, waves interacting with strong localized currents as the marsh drains and fills, or a combination of the above.
[image: Figure 6]FIGURE 6 | Histograms of incident significant wave height (A–C,J–M), period (D–F,N–P), and freeboard (G–I,Q–T) during S19 (A–I) and W19 (J–T) for cases of Kt > 1 at Site A (J,N,R), B (A,D,G,K,O,S), C (B,E,H,L,P,T), D (C,F,I,M,Q,U). Each histogram represents the entire deployment at the corresponding location.
The percent change in wave height between the incident and transmitted waves was found to be consistent between W19 and S19. During periods of amplification, average transmitted wave height was 14%–42% greater than incident wave height, while during times of wave reduction the average transmitted wave height was 38%–46% less than the incident wave height (Table 3). Amplification occurred when the structures were submerged, with eight exceptions (Figure 4). During the W19 deployment, amplification events occurred during falling tides 72% of the time and were clustered near storm events, possibly due to interactions with currents during marsh drainage. Conversely, during the S19 deployment, amplification events occurred during rising tides 66% of the time and no large storm events occurred (Table 4).
TABLE 3 | Average change in significant wave height and wave period between the incident and transmitted wave heights at Sites A, B, C, and D. Negative percentages indicate a decrease of period or wave height of the transmitted wave as compared to the incident wave.
[image: Table 3]TABLE 4 | Occurrences of amplification during each 20-min calculated bulk statistic at each site during rising or falling tides.
[image: Table 4]There are many possible physical explanations for this wave amplification that further research will attempt to uncover in order to provide more thorough guidance on oyster castle design. The large tidal range at Gandys Beach provides a unique opportunity to analyze wave attenuation of structures front such a marsh. The tidal range and fetch at Gandys Beach in combination with the relatively small oyster castle breakwaters and complex geography of the area provide a rich set of results for analysis.
DISCUSSION
This study was not the first to document increased wave heights behind one of the Oyster Castle breakwaters at Gandys Beach. In a 2021 study, USGS observed both wave height amplification and reduction associated with Oyster Castle breakwaters at Site D (the only site in their study) (Wang et al., 2021). This is consistent with the observations made during S19 and W19 at all four oyster castle breakwaters studied; however, the USGS study noted that wave height amplification mostly occurred during small wave heights. This result is inconsistent with the findings of this study, where wave height amplification was observed over a range of incident wave conditions. In fact, many of the observed wave amplification events during W19 and S19 correlate with storm conditions during which elevated water levels and large wave heights were recorded. Most notably, a large storm event occurred during the W19 deployment from December 1–5, 2019. During these storm events, the wave heights were large, the wave periods remained consistent, and wave amplification was more frequent, particularly during falling tides (Figure 4). When storm surge fills the marsh, large volumes of water can drain from marsh behind the structures during falling tides, interacting with the incoming wave field, likely contributing to the observed wave amplification during some falling tides.
The ability to model wave transmission across a living shoreline structure designed for wave attenuation is tantamount for designing and constructing successful projects that provide desired outcomes at a site. As briefly discussed, several empirical models exist for predicting wave attenuation across low-crested/submerged structures (Table 1). While formulas differ, all contain freeboard, crest width, and wave height, highlighting the importance of these structure and wave field characteristics. Nearly all of these models were tested in simplified laboratory conditions and largely have not been validated by field data. Notably, only Seabrook and Hall, Friebel and Harris, and Ahrens specifically describe submerged structures, and only Seabrook is capable of producing transmission coefficient was greater than one. Field data collected at Gandys Beach provides the opportunity to evaluate the applicability of these models during more complicated, real-world conditions.
USGS compared their observations to the empirical models of (d’Angremond et.al.,1996; van der Meer et.al.,2005) but found that the modeled amplification was considerably lower than the observed amplification during emergent structure conditions. We hypothesize that this was potentially due to the gaps between the individual Oyster Castles reducing the effectiveness of the structures. USGS also identified periods during which the measured transmission coefficient was >1. Neither of the empirical equations selected by USGS can reproduce this result as they predict maximum transmission coefficients below 1.
In the current study, the observed transmission coefficients were compared against the empirical model by Seabrook and Hall (1998). Of the models considered (listed in Table 2), Seabrook and Hall is the only one capable of producing Kt > 1 and was one of the few tested in oblique wave conditions. In our analysis, the transmission coefficient was calculated with field observations and modeled using Seabrook and Hall and incident wave data. Results of the W19 and S19 deployments are plotted in Figure 7 along with the transmission coefficient predicted by the Seabrook and Hall equation. While there is significant scatter in the data, a similar relative freeboard region of amplification was produced in the modeled and observed Kt. In cases of Kt < 1 Seabrook and Hall (1998) does not perform well compared to measured Kt. This scatter is not unexpected as there are significant differences and poor agreement between the continuous low-crested breakwater structure modeled by Seabrook and Hall under controlled laboratory conditions and the highly irregular non-continuous structures and varied wave conditions observed in the field, making Seabrook and Hall (1998) an inadequate predictive tool for structures and conditions such as those at Gandys Beach. Living shorelines structures are often constructed of non-traditional materials, irregular, non-continuous, and change significantly over time with shellfish colonization or vegetation growth, and as habitat created by the living shoreline becomes more developed. These changes will alter porosity, roughness, effective stone size, dimensions of structures, relative crest width, and relative freeboard. Formulas that only represent the structures at the state of construction are inadequate to describe living shorelines and novel empirical formulas need to be developed that can estimate living shoreline wave transmission over the life of the structure.
[image: Figure 7]FIGURE 7 | Wave transmission coefficient (Kt) vs. relative freeboard (F/Hi) as observed in field data and modeled by Seabrook and Hall (1998) during S19 (A–C) and W19 (D–G) and at Site A (D), B (A,E), C (B,F), and D (C,G). F/Hi values greater than 0 indicate structure emergence and values less than 0 indicate submergence. Observed data is grouped by incident wave steepness threshold of greater than 0.017. Waves with a steepness greater than the threshold are more likely to be erosional and potentially contribute more to marsh edge erosion.
Relative freeboard (F/Hi) and relative crest width (B/Hi) are parameters that appear in many of the empirical equations for wave transmission coefficient over submerged breakwaters, including Seabrook and Hall (1998) (d’Angremond et al., 1996; Seabrook, 1997; Seabrook and Hall, 1998; van der Meer et al., 2005; Buccino and Calabrese, 2007) (Table 1). Relative freeboard and relative crest width were examined for all observed amplification events in the W19 and S19 field data and it was found that most of these events occur when the relative freeboard is between −1 and −6 (submerged) (Figure 8), with very few events occurring when the relative freeboard was above −1 (minorly submerged to emergent). One possible explanation for wave amplification when the relative freeboard is between −1 and −6 (submerged) is wave shoaling. The waves “feel the bottom” (in this case, the oyster castle structure) and begin to shoal, but do not break, leading to an increase in transmitted height. When the relative freeboard is > −1 (minorly submerged to emergent) the depth over the structures becomes shallow enough that the waves begin to break, leading to wave height reduction in this region. Wave amplification and reduction observed when the structure is submerged (relative freeboard less than −6), may be the result of waves reflecting off the marsh or interacting with water draining from the marsh.
[image: Figure 8]FIGURE 8 | Histograms of relative freeboard (F/Hi) and relative crest width (F/B) during S19 (A–F) and W19 (G–N) at Site A (G,K), B (A,D,H,L), C (B,E,I,M), and D (C,F,J,N).
The majority of waves where relative freeboard was between −1 and −6 (submerged) have an incident wave steepness above 0.017, the basis wave steepness threshold applied in this analysis (Figure 7). Several wave amplification events occurred when relative freeboard was less than −6 (significantly submerged) and waves in this range tended to be below the wave steepness threshold. There is no clear correlation between wave steepness and wave amplification in the data collected at Gandys Beach. However, steeper waves are more likely to erode shorelines in sandy areas, some of which are present at Gandys Beach (Figure 2) and may also be a factor in marsh edge erosion and worth investigating in future research.
The Seabrook and Hall equation, consistent with most submerged breakwater relationships, suggests that wave transmission decreases as the relative crest width increases and increases as relative freeboard decreases when structures are submerged. When modeling wave transmission using Seabrook and Hall and relative freeboard is between −1 and −6 (submerged), the amplification events are very sensitive to decreases in crest width. Most amplification events at Sites A and D were clustered around relative crest widths between 0.4 and 1.5 and were skewed to the right. It is clear from this analysis that at Sites A and D relative crest width is a predictor of wave amplification. At Sites B and C, the observed amplification events occurred more evenly across a range of relative crest widths. This may be related to the position of the breakwaters, as noted in the site description. Increasing crest width during structure design may mitigate the likelihood of wave amplification. Designing to minimize instances where relative crest width is less than 0.4–1.5 may reduce these events. Additional considerations should be taken when considering future adaptability of structures to ensure that crest width remains sufficiently large when inevitable structure modifications are made to maintain structure effectiveness with sea level rise.
It is clear that wave heights are more likely to amplify at Gandys Beach Preserve when structures are submerged, relative crest width is 0.4–1.5, and relative freeboard is −1 to −6 (submerged). These results are troubling especially in areas experiencing sea level rise where the frequency of submergence is likely to increase in the future. However, the field data collected at Gandys Beach does not create a clear picture of mechanisms causing wave height amplification due to the complexity of the site. Reflection of waves off the marsh edge, wave shoaling on structure crests during certain relative crest width and relative freeboard conditions, wave transmission through gaps between Oyster Castles, and currents resulting from marsh drainage during falling tides are all possible mechanisms amplifying wave heights at the sites studied. All of these factors complicate the identification of the most appropriate empirical formula to aid design of Oyster Castle breakwaters. Additional datasets are being collected at Gandys Beach that aim to resolve some of the hypotheses and questions identified in this analysis regarding wave amplification to help inform robust guidance on living shoreline design.
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