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Coral reefs are increasingly recognized for their shoreline protection services. The hydrodynamic performance of this ecosystem is comparable to artificial low-crested structures often used in coastal protection, whose objective is to emulate the former. Coral reefs also provide other important environmental services (e.g., food production, habitat provision, maintenance of biodiversity and social and cultural services) and leave almost no ecological footprint when conservation and restoration actions are conducted to maintain their coastal protection service. However, studies have focused on their flood protection service, but few have evaluated the morphological effects of coral reefs through their ability to avoid or mitigate coastal erosion. In this paper, we investigate the relation between shoreline change, reefs’ geometry and hydrodynamic parameters to elucidate the physics related to how the Mesoamerican Reef in Mexico protects sandy coastlines from erosion. Using numerical wave propagation and historical shoreline change calculated from satellite imagery, a direct correlation was found between shoreline movement, the depths and widths of reef flats, changes in the wave energy flux, and the radiation stresses of breaking waves. The findings indicate that the most remarkable efficacy in preventing beach erosion is due to reefs with shallow crests, wide reef flats, a dissipative lagoon seabed, located at ∼300 m from the coastline. The results provide essential insights for reef restoration projects focused on erosion mitigation and designing artificial reefs in microtidal sandy beaches. Results are limited to wave-dominated coasts.
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INTRODUCTION

Over the last decade, scientific and engineering interest in determining how coastal ecosystems reduce the vulnerability of coastlines to erosion and flooding has increased. Along with other ecosystems, such as saltmarshes and mangroves, coral reefs offer considerable wave energy attenuation on tropical shorelines (Guannel et al., 2016; Narayan et al., 2016; Osorio-Cano et al., 2019; Reguero et al., 2019) which is estimated up to 97% (Ferrario et al., 2014; Pontee et al., 2018). Reef hydrodynamics have been found to be as efficient as those of artificial low-crested breakwaters in decreasing the wave energy that reaches the coast by breaking the waves and by frictional dissipation (Lowe et al., 2005; Monismith et al., 2015). This prevents flood damage and provide important risk reduction services to many reef-lined coasts (Beck et al., 2019; Reguero et al., 2019; Zhao et al., 2019).

Although coral reefs are one of the most effective ecosystems in coastal protection, they continue to undergo severe deterioration while conservation and management activities remain largely insufficient (Omori, 2011; Martínez et al., 2014). In the Caribbean alone, up to 50% of the hard coral cover on reefs has been lost in last three decades (Gardner et al., 2003). Globally, the decline of coral reefs has resulted in a growing international momentum to find suitable means to conserve, manage and restore coral reefs (Bellwood et al., 2004; Hughes et al., 2005). As biodiversity and ecosystem services continue to be lost on tropical coastlines, nature-based approaches are increasingly proposed as a solution to protect communities. These alternatives, focus on imitating the performance of natural ecosystems and their ecological functions, unlike more traditional coastal structures such as breakwaters (Cardenas-Rojas et al., 2021). In this context, reef-building species such as Acropora palmata are considered to provide fast and effective reef restoration, given their significant coral cover and the complex topography they provide (Bruckner et al., 2002; Alvarez-Filip et al., 2009).

Understanding the physical mechanisms by which reefs help reduce flooding and erosion is fundamental in advancing their use as a means of coastal protection, but as yet, reliable scientific information and quantitative assessments on this are still lacking (Aerts, 2018). A recent study (Reguero et al., 2019), quantified the benefits of flood risk reduction of the Mesoamerican Reef for Quintana Roo. They showed that in reduction of these benefits, reef degradation is greater than sea level rise. Valuating the risk reduction benefits that reefs provide allows these services to be integrated into policies and management plans, and this has been done in Mexico (Reguero et al., 2019), United States (Reguero et al., 2021), and many places all around the world (Beck et al., 2019). Research also suggests that the costs of conservation and repair of reefs is significantly cheaper than the costs involved in constructing breakwaters (Ferrario et al., 2014). By understanding better how reefs contribute to erosion control may also attract investment for the conservation and restoration of reefs in areas close to coastal communities.

Erosion is one of the most pressing concerns for coastal communities, but few studies have addressed the relationships between shoreline stability and reefs. In Mexico, Ruiz de Alegria-Arzaburu et al. (2013), compared energy dissipation and the volumetric sediment transport on a reef-fronted beach at Puerto Morelos and an exposed beach in Cancun, showing a considerably less dynamic beach in Puerto Morelos due to the presence of the reef. In Grenada, East Caribbean, Reguero et al. (2018), adapted a beach equilibrium planform model often applied in coastal engineering to reef environments, to make a preliminary link between coral reef degradation (assuming flat and deep reefs) and coastal erosion. Subsequently, using a shoreline planform shape model, Baldock et al. (2019) showed that the coastline in the lee of reefs is more susceptible to erosive processes due to sea level rise than the rest of the coastline.

Studying the role of reefs in shoreline protection is challenging because the nearshore hydrodynamics in fringing reef environments are governed by the interaction of the reef geometry (width, crest height, slope, and roughness) with the local marine climate. Consequently, the structural complexity of a coral reef plays an important role in shoreline protection (Monismith et al., 2015; Harris et al., 2018). Narrow reefs with steep forereef slopes (∼1:10 or steeper) and deeper smoother reef flats (less height for same depth) produce higher wave run-up on the beaches fronted by the reefs (Péquignet et al., 2011; Quataert et al., 2015). Therefore, flatter reefs with low structural complexity induce less wave energy dissipation, and thus provide less coastal protection (Alvarez-Filip et al., 2009; Rodríguez-Martínez et al., 2010; Carriquiry et al., 2013). In contrast, Pearson et al. (2017) found that the beach slope and the sea bottom roughness due to the presence or absence of corals were less important parameters to estimate water levels and rup-up on reef-lined coasts, whereas water depth over reef flats, reef flat widths and incident wave conditions resulted as essential factors. Yet, among the remaining gaps that need to be addressed is how different reef morphologies influence the erosion potential at the shoreline (Elliff and Silva, 2017; Reguero et al., 2018; Baldock et al., 2020).

In this paper, we provide new insights into the role of reefs in beach morphodynamics at local and regional scales using wave modeling and historic shoreline changes near the Mesoamerican Reef at Puerto Morelos, Mexico. The reef characteristics here differ, and the coast is exposed to a wide range of wave climate forcing conditions. The relations between coral reef geometry, shoreline position, and hydrodynamic parameters such as the wave energy flux and the radiation stresses are used here to explain the beach erosion protection offered by the barrier reef.



STUDY AREA

Puerto Morelos, an international tourism hub, lies on the Mexican Caribbean, ∼30 km south of Cancun (Figure 1A). Turquoise water, white sandy beaches, low-density hotel infrastructure and mangrove forests make Puerto Morelos an attractive location for tourists, who can also swim and snorkel around the nearby coral reef. The study area is the nearshore region behind the southern part of the Puerto Morelos Reef (green rectangle in Figures 1A,B), approximately 11.2 km of coastline. In this area (Figure 1C), the barrier reef is the only morphological element that modifies the hydrodynamics (there are no promontories or islands), and no other geomorphological features such as salients are found to interrupt longshore sediment transport. Hence, the coastline may be considered rectilinear. This area is therefore an excellent control site for investigating the physics by which different reef geometries protect the coast.
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FIGURE 1. Study area: (A) General location. (B) Detail of the study area. (C) Coral species and beach views in Puerto Morelos.


The Puerto Morelos Reef is part of the Mesoamerican Reef System, the second longest barrier reef in the world, extending for over 1,000 km south of Cancun (Almada-Villela et al., 2002). The Puerto Morelos Reef was declared a Marine Protected Area in 1998 through a community-based marine conservation initiative to preserve the coral reef ecosystem (Rodríguez-Martínez, 2008). However, since that date there has been a loss or substitution of some essential species of the reef, such as the A. palmata colonies (Jordan et al., 1981; Rodríguez-Martínez et al., 2001; Alvarez-Filip et al., 2009; Rodríguez-Martínez et al., 2014). After Hurricane Roxanne (October 1995), a decrease in biodiversity was reported, and after the devastating Hurricane Wilma (October 2005), changes in the coral community were observed, with a complete burial of vegetation (Rodríguez-Martínez et al., 2010). Recently, Rosado-Torres et al. (2019) found links between degraded habitat, dominance of macroalgae (with values above 50%) and low reef roughness in the southeast patch of the Puerto Morelos Reef, due to the effects of local groundwater discharges. In addition, the massive sargassum arrivals, which now occur almost yearly, have become a serious threat to the coral reefs in Puerto Morelos due to the large amount of nutrients and organic matter it brings, altering the quality of the water (James et al., 2019; Chávez et al., 2020). High reef roughness has been related to healthy coral reef patches of stony corals and substratum (Rosado-Torres et al., 2019).

The Puerto Morelos Reef system is characterized by a low relief, a low forereef slope (∼1:50) and a relatively shallow reef lagoon (average depth 3–5 m) (Figures 2, 3). The seabed is composed predominantly of calcareous sand, with a mean grain of ∼0.30 mm, and seagrass meadows. The mean beach slope is of ∼0.05–0.09.
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FIGURE 2. Bathymetric map showing the position of the reefs and the beach profiles used in the analysis presented.
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FIGURE 3. Reef-beach transects. The black dot in each panel indicates the limit of the reef lagoon. The vertical axis provides the elevation in meters; the horizontal axis in the panels shows the horizontal distance from the shoreline in meters.


Puerto Morelos is a wave-dominated beach, where wave overtopping on the reef crest and the resulting flow are the main driving mechanisms on the hydrodynamics. The climate of the region is tropical, with two dominant seasons in terms of wind patterns and air temperature, winter and summer (Coronado et al., 2007). Low-energy waves from the east/southeast arrive most of the year (Hs ∼ 0.5–1.5 m; Tp ∼ 4–6 s), but in winter (from November to April) intense episodes of wind from the north (cold fronts, locally known as “Nortes”) generate northerly energetic waves (Hs ∼ 2–3 m; Tp ∼ 6–8 s; Ruiz de Alegria-Arzaburu et al., 2013). In summer (from June to October), frequent storms and, sporadically, tropical cyclones define the wave pattern. The area is microtidal and the semidiurnal component dominates with a men tidal range of ∼ 0.17 m and spring and neap tidal ranges of 0.32 and 0.07 m, respectively (Coronado et al., 2007). Under extreme storm conditions, the storm surge is considered the most important component of water level elevation (i.e., during hurricane Wilma, in October 2005, storm surge reached 2.5 m at the beach and 0.5 m in deep water; Mariño-Tapia et al., 2014).

Ruiz de Alegria-Arzaburu et al. (2013) report that some sectors of Puerto Morelos beach are particularly stable, especially under storm conditions, compared to Cancun beach. This is clear evidence of the protective role of the reef. A positive balance of sediments has been reported following the series of intense hurricanes in the 10-year analysis period. Two illustrative examples are: Hurricane Wilma (a category 5 hurricane), the most devastating hurricane to hit the region, brought a large sand input into the beach system from the northern beaches (Mariño-Tapia et al., 2014), whereas Hurricane Dean (also a category 5 hurricane), in August 2007, carried a substantial volume of wind-transported sand to the southern limit of the reef (Silva et al., 2016). To the authors’ knowledge, there have been no beach restoration actions in Puerto Morelos beach in the period under study.



MATERIALS AND METHODS


Seabed Configuration and Reef Relief

Bathymetric data and the spatial distribution and cover of the coral reefs were obtained from the National Commission for the Knowledge and Use of Biodiversity (Mexican CONABIO; Cerdeira-Estrada et al., 2018; Figure 2). To identify differences induced by reef typology, ten reef-beach transects were used to set the five representative categories of reef-beach systems in the area, of one barrier reef (Reef 1, in Figures 2, 3) and four fringing reefs (Reef 2 to Reef 5, in Figures 2, 3). The profiles extend seaward from the coast to a depth of -7 m (p1–p10 in Figure 2).

Five parameters were chosen to describe the beach-reef categories: width of reef (Br), width of reef flat (Brf), depth of reef crest (hr), lagoon width (Bl) and lagoon depth (hl); See Figure 3 and Table 1. These parameters led to the following reef classification:


•Reef 1 is a narrow reef (Br∼200 m), with a narrow reef-flat (Brf ∼50–70 m), a variable depth of reef crest (hr ∼1–2.5 m), the lagoon is wide (Bl ∼1,150 m), and shallow (hl ∼1.3–2 m).

•Reef 2 is a narrow reef (Br ∼200 m), with a reef-flat width (Brf) of ∼100 m, a 2.2 m reef crest depth (hr), and wide (Bl ∼900 m), and shallow (hl ∼2.4 m) lagoon.

•Reef 3 is a wide reef (Br ∼400 m), with the widest reef-flat (Brf of ∼380 m), and the shallowest reef crest (hr ∼0.7 m). It is close to the coastline (Bl ∼300 m) and has the lowest lagoon depth (hl ∼1.3 m).

•Reef 4 is a narrow reef (Br ∼200 m), with a variable reef-flat width (Brf), increasing southward from 50 to 100 m. The reef crest is shallow (hr ∼1–1.4 m), and has a very wide (Bl ∼1,350 m) and deep lagoon (hl ∼4.5 m).

•Reef 5 is the longest reef section, with wide reef (Br ∼400 m) with reef-flat width (Brf) of ∼105–200 m (higher in the southern transect), a very shallow reef crest (hr < 1 m), variable lagoon widths (Bl∼600 to 300 m, decreasing southward) and deep lagoons (hl ∼4.8–5.5 m).




TABLE 1. Parameters of reefs used in the analysis.

[image: Table 1]
The location and number of profiles were selected following these criteria: (i) in areas outside the influence of waves passing through the reef discontinuities (i.e., homogenous reef sections free from wave diffraction); and (ii) the profiles fall within one of the five listed representative categories. The rationale behind these criteria is to provide a beach-reef system classification that may help foreseeing the beach response.

From the information in Figure 3 and Table 1, reefs 1, 2, and 4 are considered narrow reefs (Br ∼200 m), while 3 and 5 are wide reefs (Br ∼400 m). The narrow reefs have a reef-flat of width (Brf) of ∼50–100 m, extending further from the coastline (Bl of 900–1,350 m), and a reef crest depth (hr) that varies from 1 to 2.5 m. Of the narrow fringing reefs, Reef 2 has a deeper reef crest (∼2.2 m in Reef 2 and ∼1–1.4 m in Reef 4) but shallower lagoon hl (∼2.4 m in Reef 2 and >4.5 m in Reef 4). The wide reefs, 3 and 5, have a very shallow reef crest (hr <1 m), although Reef 3 has a wider reef-flat and a shallower lagoon than Reef 5.



Historic Coastline Change

Google Earth Pro Imagery was used to analyze changes to the coastline between 2006 and 2016. A mosaic of five satellite images spatially distributed along the 11.2 km coastline studied, from DigitalGlobe (0.5-m resolution), was used to identify historic changes in the coastline (Table 2). A minimum of 6 and a maximum of 10 shoreline positions were available to evaluate the temporal changes behind each transect depending on its location (Table 2). The satellite images were georeferenced in the Universal Transverse Mercator coordinate system (UTM 16 N WGS84) in ArcMap 10.3, by 6–10 evenly spaced ground control points from the images. The coastlines were digitalized as the water line at the time that the images were taken.


TABLE 2. Data used for the analysis of shoreline change.

[image: Table 2]
Cross-shore transects every 20 m were generated along the 2006 coastline, which was taken as a baseline from which to measure the changes and shoreline variability over time. The rates of shoreline change were calculated for profiles p1 to p10 (Figure 3). The mean and standard deviation of shoreline movement were used as representative parameters of the net change and temporal variability of the shoreline for each beach profile. These statistical parameters are considered representative indicators of beach mobility (Zuzek et al., 2003; Ojeda and Guillén, 2008; Jackson et al., 2012).

Total errors of the digitized shoreline positions were ∼1 m, and thus, considered appropriated to obtain a feasible time series of shoreline positions. Using the water line as a proxy, errors related to the astronomical tidal phase at the time of the images were the most significant but small enough (<1 m) given by the micro-tidal regime of the area. Calm wave conditions were identified on the dates of the satellite images and, thus, possible errors due to storm surge were dismissed. In addition, negligible errors (<0.4 m) from the image georeferencing process were found.



Wave Data and Numerical Modeling


Wave Propagation Model

The WAPO numerical model was used to compute the wave propagation from deep water to the beach and to quantify the hydrodynamic effects of the Puerto Morelos coral reef. WAPO is a time independent model which propagates linear waves using the 2D modified elliptic mild-slope equation (Silva et al., 2005). The model solves wave reflection and diffraction as well as the interaction between the waves and the complex reef structure (including the effects of the gaps between reef patches). The mild-slope equation version solved by the WAPO model includes an energy dissipation term that considers dissipation due to wave breaking and bottom friction. The former is evaluated as a function of the wave energy flux decay on a sloping bottom, and the latter is a Darcy-Weisbach energy damping model (please see Silva et al., 2005 for further details).

The model was configured with three overlapping, rectangular, numerical grids to cover the entire study area, with a 7 m horizontal resolution (Figure 4). The number of numerical grids covering the study area was determined by the upper limit of grid cells used in the computation by the numerical model. The borders of all the grids were considered open boundaries in the model.
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FIGURE 4. Bathymetry and numerical domains for the wave propagation model.


The bottom friction due to the presence of specific coral species, or any distribution of them, has not been included in the numerical model. Instead, a spatially uniform friction factor of 0.1 was set to represent the frictional dissipation due to the bottom, following Ruiz de Alegria-Arzaburu et al., 2013 for the same study region. Seagrasses were found to produce only localized effect on wave propagation and almost no effect on beach response.



Wave Data

Deep water wave data were obtained from the NOAA wave reanalysis database generated with the WAVEWATCH-III model ([WW3; The Wavewatch Iii Development Group (WW3DG), 2019], at a point offshore of the study area (86.5°W; 20.6667°N; Figure 1A). This wave data has been calibrated and validated by altimetry and buoy measurements data, showing a high accuracy (Chawla et al., 2009). The wave dataset provided time series of 3-hourly significant wave heights, peak periods, and wave directions, Figures 5A–C.
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FIGURE 5. Time series of reanalysis data and wave roses: (A) Significant wave height (m), the horizontal line represents the storm threshold; (B) peak period (s); (C) wave direction (degrees from North); (D) wave height rose (entire data set); and (E) wave rose (only storms).


A storm was defined as an event with a significant wave height exceeding 2 m, following the climate analysis in Silva et al. (2008; Figure 5A). A directional analysis of significant wave heights (Figure 5D) shows a predominance of East-Southeast incident waves during the mean regime, while during storms the East-Southeast, East, and Southeast directions are dominant (see Figure 5E).

Based on historic data and the wave climate analysis shown in Figure 5, representative wave parameters were selected for the mean regime, frequent storms and intense storms. We considered Hs of 1 m and Tp of 6 s from the East-Southeast as typical mean regime conditions, Hs of 2 m and Tp of 8 s from the East and Southeast to define frequent storms and Hs of 3 m and Tp of 10 s from the East-Southeast for the most intense storms in the period studied.




Wave Energy Flux and Radiation Stress of Breaking Waves

The longshore component of the wave energy flux and cross-shore component of the radiation stress at the wave breaking points, behind the reefs, were calculated from the results of the wave propagation model to assess their influence in driving changes in coastline evolution. The radiation stress has been widely used to describe the increase in water level at the shoreline (set-up), due to breaking waves, and its effects on beach morphology (Guza and Thornton, 1981), which led us to investigate the correlation between this parameter and the historical coastline change.


Wave Energy Flux

The wave energy flux, assuming linear wave theory, was calculated before the wave breaking point following Mil-Homens et al. (2013) as:

[image: image]

where Eb is the wave energy per unit crest; Cgb is the group velocity at the breaking point; Hb is the wave height at the breaking point; γb is the breaker index (γb = 0.78); g is the acceleration due to gravity; and ρ is the water density.

The longshore component of the incident wave energy flux per unit length was calculated based on the propagation information at the breaking points as:

[image: image]

where αb is the wave angle at the breaking point.



Radiation Stress

The shore-normal component of the first order radiation stress was determined as (Lonquet-Higgins and Stewart, 1964):

[image: image]

where E is the wave energy per unit length of wave crest; k is the wave number; and h is the local depth.




Statistical Analysis

Reef geometry, hydrodynamic forcing, and historic changes in the coastline were statistically correlated to assess the protection of the shoreline from erosion provided by the reefs. Linear regression by least squares was performed to describe how the variables trends are related. R-squared of the Pearson linear correlation coefficient, at the 95 of significance level, was also computed to assess the goodness of fit between the different variables.

The analysis focused on: (1) historic shoreline changes, based on remote sensing data, represented by the mean and standard deviation values of the annual shoreline change rates; (2) parameters characterizing the typology of the reef-beach profiles responsible for shoreline change; (3) the relationship between the magnitude of breaking waves behind the reefs and the geometrical features of reefs, and (4) the significance of the cross-shore component of the radiation stress, the longshore wave energy flux at the breaking point, and the location of this, to explain shoreline change.




RESULTS


Coastline Change, Nearshore Hydrodynamics and Reef Typology

The absolute coastline changes since 2006 show: (1) great variability in Reef 1 over the years, with a coastline retreat, compared to the 2006 position; (2) pronounced shoreline recession behind Reef 2; (3) a small change in the coastline in Reef 3 (which may be in a stable condition); (4) great variability over time in Reef 4, with coastline retreat overall; and (5) a notable seaward advance of the shoreline in p9 of Reef 5, but a retreat in p8 and very few changes in p10 (Figure 6A).
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FIGURE 6. Shoreline evolution 2006–2016 for the ten reef-beach profiles selected: (A) Shoreline change from 2006. (B) Boxplot of rates of shoreline change. (C) Mean and standard deviation values of the rates of shoreline change.


The above observations agree with the geometric characteristics of the corresponding profiles. The beach behind Reef 1 shows the most significant variability as it features a medium to large reef lagoon with considerable depths close to the reef. This leads to arguing that under some conditions, broken waves find the opportunity to reconstitute and attack the beach with considerable energy and producing beach loss. Whenever these conditions do not occur, the beach turns into a constructive situation. Reef 2 is located behind a shallow reef lagoon of medium length. In this case, the reef itself is submerged, meaning that wave transmission is high, explaining the erosive trend. The coastline with the lesser variation is behind Reef 3. The main physical characteristic of this profile is a wide reef-flat and a shallow crest. This profile also features a very short and shallow lagoon that contributes to dissipating wave energy. Reef 4 features a slightly submerged reef and a large lagoon of medium depth. In this case, broken waves may reconstitute, especially during storms resulting in an erosive trend. In Reef 5, the short lagoon length with more significant depths close to the shore produces sediment availability for the dry beach, resulting in low erosion and the only profiles showing consistent beach accretion.

The annual rates of shoreline change also indicate (Figures 6B,C):


(1)a net accretion and erosion of ∼2 m/year in p1 and p3 of Reef 1, respectively, without significant changes of the mean evolution in p2 of this reef; with high shoreline variability for the three transects, most notably in p3 (12 m/year standard deviation);

(2)a mean erosion change of 1 m/year and a high variability, expressed by a 9 m/year standard deviation in Reef 2;

(3)an almost zero mean rate of shoreline change in Reef 3 and the least variability (∼3 m/year of standard deviation);

(4)net change of the coastline close to zero in Reef 4, though with great variability, ∼9 m/year;

(5)the greatest mean advance of the shoreline is found in Reef 5 (∼2–3 m/year), which also presents the largest variability between years in p8 and p9 (10–12 m/year of standard deviation) and less coastline changes in p10, as shown by the absolute coastline change since 2006 in Figure 6A.



Based on this analysis, along the available data period, the shoreline behind Reef 3 is the most stable, followed by transect p10 of Reef 5, whereas Reef 1 (p3) and Reef 2 show the largest erosive shoreline positions (Figure 6).

A statistically significant relation was found between shoreline evolution and the depth and width of the reef flats of the fringing reefs (Figure 7). The highly correlated mean rate of coastline change (R2 of 0.68, Figure 7A) with the depth of the reef crests, indicates that deeper reefs are associated to erosion prone areas. The widths of the reef flats and the standard deviation of coastline change rates are also highly correlated (R2 of 0.80, Figure 7B); wider reefs give more stable shorelines. This relationship explains the shoreline behavior observed in Figure 6 in shoreline change; the greater erosion behind Reef 2 was strongly linked to the effects of this deeper reef crest; whereas the shoreline stability in the regions sheltered by Reef 5 (p10) and Reef 3 is characterized by wider reef flats (200 to 380 m; Figure 3). Given the very shallow nearshore seabed landward the reef lagoon (defined by h0 in Figure 3), no correlation was found between shoreline changes and the geometry of Reef 1.
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FIGURE 7. R-squared values of reef geometry and shoreline changes: (A) Mean rate of shoreline change against depth of reef crest. (B) Standard deviation of the shoreline change rates against width of reef flat. The colors in both panels indicate the different reef systems. The dashed line represents a linear regression line fitted by least squares. R2 is the square of the Pearson linear correlation coefficient, tested at 95% confidence level.


The hydrodynamics in the reef systems show that wave energy is reduced, both in mean conditions and storms. The shallow reef crests, <1 m, in Reefs 3 and 5 provide high wave dissipation (see the low wave heights nearshore, in purple in Figure 8). This further supports the findings shown in Figure 7A: a shallow crest depth leads to more stable shorelines due to the high wave energy dissipation that occurs through the reefs. A sheltered region was also observed behind Reef 1, especially during storm conditions (Figure 8), although in this case the wave breaking occurs at shallow depths behind the reef. Furthermore, the waves passing through the reef channels are not attenuated, showing how the continuity of the reef barriers ensures waves of lower heights reach the nearshore region of the beach. When the wave direction changes, the nearshore high energy concentration caused by the discontinuities in the coral barrier are focused elsewhere on the beach, compare Figures 8B,C, where the wave heights significantly change on passing through the gaps in the central section of Reef 5.
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FIGURE 8. Maps showing maximum wave heights for storm and non-storm wave scenarios: (A) Mean regime-H: 1 m T: 6 s ESE. (B,C) Frequent storms- H: 2 m T: 8 s E/SE. (D) Intense storm- H: 3 m T: 10 s ESE.


A statistically significant positive correlation was also found between the height of the breaking waves behind the reefs and the depth of the crests of the fringing reefs (Reefs 2, 3, 4 and 5; Figures 9A–D). Coefficients of determination, R2, of 0.63–0.89 show a linear relationship between these parameters for the mean regime, frequent storms (SE) and the most intense storms; deeper crests give higher wave heights. In contrast, an R2 of 0.09 indicates a very weak relationship between the depth of the reef crests and the breaking wave heights for storms from the E (Reef 4, Figure 9B) as this is affected by the wave diffraction at the borders of the reefs (Figure 8B). Disregarding data strongly affected by wave diffraction, the analysis shows a R2 of 0.64 between breaking wave heights and the depth of reef crests (Figure 9E).
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FIGURE 9. Correlations between breaking wave heights behind the reefs and the depth of the reef crests for different hydrodynamic forcing: (A) Mean regime (regular wave conditions). (B) Frequent storms from the East. (C) Frequent storms from the Southeast. (D) Intense storms (from the East-Southeast). (E) Mean regime, storms from the Southeast and intense storms. The dashed line represents a linear regression line fitted by least squares. R2 is the square of the Pearson linear correlation coefficient, tested at 95% confidence level.




Wave Energy Flux and Radiation Stress on Shoreline Positioning

The longshore wave energy flux and the radiation stresses in breaking wave conditions were calculated to evaluate their relevance in shoreline evolution. In Figures 10, 11, the distribution of longshore wave energy flux and radiation stress values show the location of the breaking waves behind the reefs and, thus, the width of the surf zone, for the four wave conditions at each transect.
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FIGURE 10. Longshore wave-energy flux at the breaking point. High absolute values indicate more sediment transport potential.
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FIGURE 11. Cross-shore radiation stresses at the breaking point. High values indicate more cross-shore sediment transport potential.


For each reef category and wave forcing, the breaking zone behind the reefs is in a different position with respect to the coastline. The waves break closer to the coastline at Reefs 2, 4, and 5, less than 34 m for the mean regime and up to 78 m for the most intense waves. Wave breaking occurs in the lagoon behind Reef 3, induced by the very shallow lagoon bathymetry, at around 68 m from the coastline in mean regime and far from the coastline, at 174–194 m, in storms. In contrast, offshore waves break in the sheltered region of Reef 1, at 580 to 738 m from the shoreline (Figures 10, 11).

When waves break closer to the shore (less than 80 m), the coastline changes show a direct correlation (R2 > 0.57) with the radiation stress values (Figures 12A,C,D,F). The greater the radiation stress, the more coastline erosion. There is a weak correlation for storms coming from the E (Figure 12B), as seen from the analysis of breaking waves in Figure 9B, which is explained by the diffraction effects and the orthogonality of the wave action.


[image: image]

FIGURE 12. Shoreline change as a function of the radiation stress when waves break near the coastline, for different hydrodynamic forcing: (A) Mean regime. (B,C) Frequent storms. (D) Intense storms. (E) Fitting lines to data for the four wave cases. (F) Mean regime, storms from the Southeast and intense storms. The dashed line represents a linear regression line fitted by least squares. R2 is the square of the Pearson linear correlation coefficient, tested at 95% confidence level.





DISCUSSION AND CONCLUSION

This study is one of the first analyses to provide direct correlations between coastline change and reef parameters, as a means of improving our understanding of the physics behind reefs. Previous studies have focused on enclosed systems, while the present analysis covers over 11 km of nearly uniform and rectilinear shorelines that are shaped by longshore sediment transport gradients. The results show that narrower and deeper reef flats are linked greater erosion rates. This is in agreement with previous studies focused on the hydrodynamics over reef flats and nearshore coastal processes (Péquignet et al., 2011; Quataert et al., 2015; Reguero et al., 2018; Baldock et al., 2019, 2020). The distance that the wave breaking zone is from the coastline was found to be a significant parameter to describe the coastal change, as previously characterized for shoreline response with artificial submerged structures. For example, Ranasinghe et al. (2006) explained shoreline response as a function of the ratio of the distance of the structure from the undisturbed shoreline and the width of the natural surf zone. Although the present study used the modified shoreline, the trends found are similar.

In addition, the results show that reefs with shallow crests, wide reef flats and a dissipative lagoon seabed (Reef 3), located a medium distance from the coastline (∼300 m), with breaking waves at ∼60 to 200 m from it, provide the most erosion control, contributing most to shoreline stability, or even producing equilibrium-driven features, such as salients. Reefs with similar characteristics but with a deeper lagoon (Reef 5) are associated with more variable shoreline change, as the waves break closer to the shoreline (∼13–78 m). In contrast, narrow reefs, with smaller reef flat widths and deeper reef crests (1–2.5 m depth), located far from the coastline (>900 m; Reefs 1, 2, and 4) provide less erosion protection.

Significant coastline changes occur when the waves break close to the shoreline, especially for the mean regime and frequent storms (blue and orange lines in Figure 12E). This contrasts with the limited coastline changes observed when the waves break farther from the shore during intense storms (see the milder slope of the regression in Figure 12E). For these cases, when waves break closer to the coast (less than 80 m), the coastline changes directly correlate with the radiation stress values; the greater the radiation stress, the more coastline erosion. Waves break far from the coastline (over 200 m offshore) at Reefs 1 (for all wave conditions), 2 (under intense storms), and 3 (for frequent and severe storms; Figures 10, 11). For these cases, the coastline changes and the energy flux of the breaking waves resulted directly proportional; but no relation was found with the radiation stresses. This indicates that local reef-lagoon processes (waves, currents, and sediment transport) may govern the shoreline changes when waves break far from the shore.

The radiation stresses behind Reefs 3 and 5 were low for both (p5 compared to p8–p10 in Figure 11), but the magnitude of the longshore wave energy flux, convergent at the location of the salient behind the reefs (p5 vs p8–p10 in Figure 10), was higher for Reef 3, especially under storms when the waves break far from the coastline. Greater sediment transport occurs when the waves break near the coastline, on reefs closer to the shore. This is seen in the advance of the coastline at Reef 5 (transects p8-p10 in Figure 6C) that was more pronounced than in Reef 3 (Figure 6C) because the greater influence of the radiation stress and the longitudinal wave energy flux induced by breaking waves near the shoreline. This agrees with previous studies in Puerto Morelos, where the most extensive volumetric sediment transport was found along the stretch of the beach that fronted the closest reef-crest to the shore (Ruiz de Alegria-Arzaburu et al., 2013). It is also important to note the possible contribution of the longer length of Reef 5 in coastal protection, providing a significant influence on the sediment pattern in the leeward zone of the reef, as suggested by Ketsiri et al. (2018) on the design of a submerged artificial oyster reef. Compared to other geologically controlled beaches, such as coasts perched on calcarenite landforms, sea level relative to structure elevation also proved to be a critical factor governing coastal erosion and accretion processes, along with the continuity of the rigid landforms in determining local sediment sources and sinks (Gallop et al., 2012).

Therefore, the longshore wave energy flux and the cross-shore component of the radiation stress can be used to parameterize beach change due to wave action on reef-lined coasts. In contrast, for embayed beaches, the alongshore component of the radiation stress was found to be linked to beach orientation and thus governing the beach evolution of these beaches (Ojeda and Guillén, 2008; Sancho-García et al., 2013). The distance of the wave breaking zone from the coastline is also an important parameter for erosion protection: the closer the breaking point to the coastline, the greater the coastline change. This result also highlights the possible contribution to coastal instability of mean regime waves as they break close to the shoreline. The analysis also shows the importance of reef discontinuities and borders on wave propagation, allowing the waves to reach the coastline with more wave energy. These two findings have important implications for artificial reef projects, which ideally would be located closer to the shore to provide more coastal erosion control.

In this paper, a link was established between historic shoreline change, coral reef geomorphology and their influence on wave hydrodynamics. However, sediment transport and coastal change modeling could help estimate future changes in the long term and under storm conditions. Yet, this study provides an important first approach to correlate the physics associated with coral reefs with the beach response. The approach can also be used for other coastlines (i.e., with sandy beaches with a microtidal range) to better understand the role of coral reefs in coastal protection. This can be done as long as the coast is strongly wave dominated. However, other approaches, such as shoreline equilibrium models (as in Reguero et al., 2018), could be applied in enclosed areas governed by refraction-diffraction patterns. In turn, these results may lead to increase the success of reef restoration projects to maintain shallow and wide reef flats to maximize the protective service for erosion control of these ecosystems, and to inform the design of artificial reefs in terms of location and crest height.
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