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Abstract

:

Throughout the Caribbean region, coastal areas are of vital importance for national incomes from the tourism industry. However, accelerated coastal development has impacted the coastal ecosystems, including the beaches, and deterioration of the shore results from cumulative impacts on both marine and coastal ecosystems. It is essential to identify the areas that need special attention for targeted management plans and actions, especially in areas with high anthropogenic pressure. This research proposes an integrated assessment of the conservation state of shore and coastal ecosystems in the Puerto Morelos National Reef Park (PNAPM) in the Mexican Caribbean, through the spatial monitoring of key parameters. A Geographic Information System (GIS) was employed to analyze the land use on the shore, foredune condition, morphological characteristics of the beaches, shoreline evolution, and the condition of coral reefs and seagrass meadows. The analysis identified the most critical areas in relation to shore deterioration and priority areas for the preservation of ecosystems. The spatial data obtained for the PNAPM can serve as a basis for ongoing shore monitoring, and targeted management actions through the designation of areas that require either preservation or ecosystem restoration practices. This methodology can be applied to other reef systems in the Caribbean.
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1. Introduction


Caribbean coastal areas are amongst the most important global tourist destinations, mainly due to their good climate, white sandy beaches, and clear waters [1]. However, several disturbances, such as sea level rise, increase in water temperature, algal blooms, anthropogenic eutrophication, and the inadequate occupation and use of coastal areas, have caused environmental degradation, including shoreline erosion, decreased water transparency, and the deterioration or destruction of coastal ecosystems [2,3,4,5,6].



The sandy shores, referred to in this article as the active littoral zone, include foredunes, beach and surf zones, and are highly valued as sites of recreation [7]. These shores, at the land–sea interface, are highly dynamic environments, and the characteristics of sediment, tide, currents, wind, and wave climate, together with the characteristics of adjacent ecosystems, define their morphologies [8]. These areas provide important ecosystem services such as coastal flood protection, erosion control, and coastal stabilization, mainly against extreme events and climate change processes [7,9].



In the Caribbean, the shore is often part of a reef system of interconnected ecosystems that includes foredunes, sandy beaches, seagrass meadows, and coral reefs [10,11]. Coral reefs dissipate the incident wave energy from the open sea, favoring the development of seagrass meadows in calmer waters, which in turn support the existence of the reefs as they improve the water quality [12]. Seagrass canopies also dissipate wave and current energy and their structural characteristics, together with those of coral reefs, influence the morphodynamics of the shore [10,13,14]. The loss of coastal dunes and seagrass meadows, which both accumulate and stabilize sediments, alters sediment transport pathways [15]. Therefore, any change in either one of these ecosystems affects the others. This poses a difficulty in understanding shore morphology dynamics, as the internal positive and negative feedback loops within and between ecosystems are context-dependent, and they often cause non-linear responses, delay, or bi-stability [16,17,18,19].



For the coasts of the Caribbean reef systems, there are a number of parameters that can be used to indicate the shore deterioration/conservation condition. The simplest is probably the land use on the shore, including the identification of stretches with severe beach erosion, which can be obtained through visual inspection. Information concerning the deterioration/conservation condition, height, and area of the foredunes provides valuable insight into their ability to protect the coast from flooding [20,21,22]. Additional methods of assessing the condition of the sandy shore include analyzing sediments, beach profiles, and shoreline evolution. A grain size analysis can help in explaining beach dynamics, as it reflects the dynamics of erosion, transport, and deposition, especially in the swash zone [8]. Beach profile surveys, carried out along the shore, provide important information about spatial variation in the morphology of the beach and foredune, when present; if they are repeated at appropriate time intervals, they may provide details on the magnitude and frequency of cross-shore and shoreline position changes [23]. In the absence of previous beach profile information, the analysis of historical satellite imagery may offer an adequate substitute for defining shoreline evolution, data extremely useful for quantifying historical erosion/accretion rates [24]. Key parameters used as indicators of the conservation state of the coast should also include spatial and temporal data about adjacent marine ecosystems, such as seagrass beds or coral reefs, due to their relationship and connectivity with the shore [10,14,25].



Most studies conducted in the Caribbean evaluated parameters on coastal ecosystems and on the shore separately [5,26,27,28,29,30]. Identification of the main problem of a shore using key parameters and an integrated analysis of them would enable a better understanding of the entire coastal environment, diagnosis of the shore, and identification of critical areas in terms of shore deterioration. The use of a Geographic Information System (GIS) to visualize and analyze the spatial data of such key parameters facilitates the interpretation of results and practical implementation for coastal management.



This work applies such an analysis for Puerto Morelos National Reef Park (Parque Nacional Arrecife de Puerto Morelos, PNAPM in Spanish) in the Mexican Caribbean, an area of great ecological and economic importance [30,31] but one that has faced high anthropogenic pressure, and erosion issues, as verified by [32,33].



The aim of this study was to apply GIS maps of multi-parameter analysis of the shore and adjacent coastal ecosystems that can, together, indicate the condition of the PNAPM (foredune–beach–seagrass meadows–coral reef system) to determine the spatial distribution of shore problems, to identify areas that need special attention due to shore deterioration, and for conservation purposes.




2. Study Area


The Puerto Morelos National Reef Park (PNAPM), in the northern Mexican Caribbean, encompasses 9066 hectares, extending 21 km alongshore and 4–5 km from the shore towards the sea (Figure 1). It includes the shore, a reef lagoon mainly covered by seagrass meadows, and a fringing coral reef that runs parallel to the shore and, further offshore, a portion of the continental shelf area, extending to the depth of 25–30 m. It was declared a marine protected area (MPA) in 1998 with the aim to safeguard the natural heritage of coral reefs and coastal ecosystems, which are important resources for the local community and tourism [30,31]. Since that date, there has been a considerable increase in tourist activities: from ~400 hotel rooms in 1998 to ~7200 rooms in 2023 [34,35].



The area has a microtidal regime, with spring and neap tidal ranges of 0.32 m and 0.07 m, respectively, and a mean tidal range of ~0.17 m [36]. The shore of the PNAPM generally runs NNE to SSW, perpendicular to 90% of the incident waves, from the E and SE. The significant wave height (Hs) ranges from 0.5 to 1.5 m with mean wave periods (Tm) of 4 to 6 s. In winter (November to April), cold fronts generate energetic, northerly waves (Hs of 2–3 m and Tm of 6–8 s) [14,36]. From June to October, tropical cyclones and hurricanes occasionally generate large waves (Hs of 6–15 m; Tm of 8–12 s) [37].



During the period of analysis (2011–2023), the PNAPM coast was not hit by any category 4 or 5 hurricanes, such as those of 1988, Gilberto, and 2005, Wilma, which significantly affected the biota and the coastal zone [37,38,39]. Less powerful hurricanes (category 1 and 2) made landfall on the NE coast of Quintana Roo, crossing relatively quickly (1 to 2 h), in October 2020, Delta and Zeta, and August 2023, Grace, using data from [40], with no important damages noted on the coast.



The PNAPM coastline is protected by a fringing coral reef which dissipates up to 85% of the incident wave energy through the friction exerted by bottom rugosity [14]. The level of protection varies depending on the morphology of the reef and its distance from the shore, ranging from 500 to 3000 m. The coral reef of the PNAPM is not continuous along the coast, as it is interrupted by channels that connect the reef lagoon and the offshore ocean [36]. Maximum protection is provided in sections where the back-reef is well developed and the crest is very shallow [20].



The reef lagoon has an average depth of 3–4 m and maximum depth of 8 m. Most of the bottom is covered by calcareous sand, stabilized by mixed seagrass meadows dominated by the species Thalassia testudinum and Syringodium filiforme, and, to a lesser extent, Halodule wrightii, in association with rhizophytic algae [26].



Despite the multiple, valuable services provided by the ecosystems in the PNAPM, these have been directly affected by various local and global stressors such as seawater contamination through groundwater pollution [41], coral bleaching and disease events [42], and, since 2014, the recurrent, periodic massive beaching of holopelagic Sargassum spp. [6,43]. These stressors have caused changes in the vegetative community of the reef lagoon, including the loss of near-shore seagrasses [6,26] and the loss of key reef-building species, with a consequential decrease in rugosity [38,44,45]. This degradation of ecosystems is signaled as one of the causes of the changes on the shore, such as the erosion of beaches and foredunes [4].




3. Materials and Methods


3.1. Land Use on the Shore


The classification of the shore use was based on visual, in situ inspection (Figure 1), in December 2022, with classes defined by the predominant occupation (description in Table 1 and examples in Figure 2A). The class “Erosion” was included to highlight areas where the action of waves and tides on anthropic structures (houses, walls, or hotels) is no longer buffered by a beach or dune, even under calm hydrodynamic conditions. The survey included a category for “new hotels” to account for the two large hotels under construction at the time of the survey. These hotels may eventually impact the beach characteristics in different ways than those hotels currently operating. The study did not consider different uses for stretches less than 50 m long (e.g., natural spaces between hotels), except in areas where erosion was identified. The boundaries of each stretch were determined using geographic coordinates and a PlanetScope satellite image from 30 November 2022.




3.2. Foredune Characterization


The foredunes along the shore (Figure 1) were visually classified in December 2022, based on their naturalness and morphological changes, indicative of the state of the deterioration of the foredune (detailed in the Table 2, with examples in Figure 2B). In this research, the maximum degree of deterioration considered for this ecosystem is the absence of foredunes due to human occupation. This classification was adapted from [13], who verified the state of the foredunes throughout the Mexican Caribbean, and it includes two additional classes: “Artificial Foredunes” and “Interrupted and Impacted Foredunes”.



The height of the foredune (above local mean sea level—MSL) was measured using a differential GNSS (Global Navigation Satellite System—GNSSdif) ComNav N5 RTK, and the location data were corrected, using the INEGI fix GNSS station at Chetumal, Quintana Roo [46], with vertical and horizontal accuracies of a few centimeters and millimeters, respectively.



The foredune areas were estimated through GIS photo-interpretation analysis using (i) ArcGIS Map Service World Imagery [47] from 4 April 2022 (Source Maxar, 0.31 m resolution) and from 9 April 2022 (Source Maxar, 0.5 m resolution); (ii) Planet Scope Ortho Scene from 30 November 2022 (3 m resolution) and SkySat from 26 November 2021 (0.5 m resolution); and (iii) local measurement with a GNSSdif (ComNav N5 RTK). A land use and vegetation map [48] was used as a reference for the back-dune definition.




3.3. Beach Profiles


Beach profiles were measured at 100 cross-sectional transects along the shore (Figure 1), with a distance of ~200 m between them, between November 2022 and February 2023. The data were collected using differential GNSS, from the foredune crest or the beginning of human structures, depending on the use of the shore, to the surf zone (~1 m deep).



The parameters evaluated for beach profiles were backshore width (distance from the mean sea level, MSL, to the crest of the foredune or human-made structure); backshore volume (sand volume between the MSL and the crest of the foredune or human-made structure per meter of shoreline); and the slope of the dry beach, swash zone, and surf zone. The zones were manually delineated by examining changes in the profile slopes, considering the dry beach to be from the seaward side of the foredune toe or human-made structure to ~0.3/0.5 m MSL, the swash zone, from ~0.3/0.5 m MSL to ~−0.15/−0.4 m MSL, and the surf zone, from −0.15/−0.4 m towards the sea to ~−1 m MSL.




3.4. Grain Size Analysis


To evaluate the granulometry of the sediment, samples with approximately 500 g of superficial sand were taken at 22 locations (Figure 1) between November 2022 and February 2023. Sediment was collected from the swash zone at each location, and at 10 of these points, additional samples were taken from the dry beach and the surf zone (~0.5 m depth). The samples were dried in a laboratory oven (40–60 °C), and 150 g was used for analysis.



The grain distribution was carried out using a series of sieves, with mesh openings of 1, 0.8, 0.63, 0.5, 0.4, 0.315, 0.25, 0.125, 0.08, and 0.063 mm. Each sample was shaken at a constant speed for 15 min, and the amount of sand retained by each sieve was weighed using an electronic scale. Granulometric calculations were carried out using the standard procedure described in [49]. From the construction of the granulometric curve, the 50th percentiles (D50) were calculated from the 50% intersection of the curve.




3.5. Shoreline Evolution


To detect changes in shoreline positions from January 2011 to November 2022, 27 satellite images with zero or near-zero percent of cloud cover were used (2 per year from 2011 and 2020, 3 images for 2021 and 4 images for 2022). The images were orthorectified, with geometric and atmospheric correction [50]. Eleven were obtained from PlanetScope satellites (3 m pixel resolution, from 2017 to 2021), and eleven from RapidEye satellites (5 m pixel resolution, from 2011 to 2016). The shoreline was detected using a pixel-based, supervised classification (SNAP 9.0.0 software, Minimum Distance Classifier), by identifying the intersection between the land and sea classes.



Given the microtidal regime of the area (<1 m), errors due to the tide can be ignored, as confirmed by [25]. Care was also taken to use images showing calm wave conditions, thus avoiding errors caused by storm surge, or wave-induced foam from wave breaking. Some shoreline positions were validated with beach profile data obtained from differential GNSS on similar dates (2018–2019, data from [43]; and 2022).



To evaluate the shoreline accretion/regression, perpendicular transects were defined for the same locations of the beach profiles, with one more defined where a beach profile could not be measured due to restrictions to the beach area (a total of 101 locations). The intersection point of each transect and the shoreline provided the shoreline position per transect, per date evaluated.



The shoreline change rate per transect (m/year) was calculated by applying a linear regression y = a*x in relation to the earliest date (7 January 2011, x = 0) where a = m/year of beach loss (−) or gain (+) for the entire period evaluated, as indicated by [51].




3.6. Seagrass Meadow Classification Maps


In 2021, two field campaigns were conducted to assess the characteristics of the seagrass meadows. The first campaign took place in the northern area, between April and June 2021 (105 points evaluated, details in [26]), while the second was conducted in the central area, from September to November, 2021 (137 points evaluated) (Figure 1). For the southern area, the study in [52] was used (146 points evaluated September 2019–January 2020). At each sampled point, photos were taken using 0.25 × 0.25 m, 0.5 × 0.5 m and 1 × 1 m quadrats.



For each sampled point, a class was assigned, based mainly on the abundance and cover of seagrass, macroalgae, and sediment, estimated through the Braun–Banquet scale [53] and Otsu method [54,55] from photos of quadrats. For the central area, an unsupervised classification (12 classes and K-means cluster analysis) was used to help to define the class of each point sampled. Difficulties encountered in preparing the classification map of the central area are presented in [56], the main one being the difficulty in differentiating meadows dominated by seagrass from those dominated by macroalgae. These classified points, transformed into shapefile polygons of 4–6 pixels, named seed pixels were used as input and validation data for the supervised classification of the satellite images.



The bottom cover classes were adapted from [26], considering vegetation as both seagrass and macroalgae. In the present study, the classes used were as follows:



C1 = dense vegetation, with seagrass or algae covering more than 90% of the bottom, on average; with taller seagrasses, canopy height typically ~20–30 cm.



C2 = medium dense vegetation, with seagrass and/or algae covering 70–80% of the bottom; seagrass canopy height typically ~15 cm high.



C3 = sparse vegetation; with a seagrass/algae bottom cover of around 50% (between 40–70%) and seagrass canopy height typically ~10 cm.



C4 = sediment; the bottom has a very low seagrass or algae coverage; on average, the sediment cover is 95%.



The classification map for each area was generated independently due to the different dates of the field campaigns. Satellite imagery acquired for nearby areas, for dates close to the corresponding collection dates (Table 3), was used to generate the three maps. PlanetScope satellite images were used, with a spatial resolution of 3 × 3 m, orthorectified and radiometrically, sensor, and geometrically corrected [50]. These satellite images underwent pre-processing to remove areas that could produce interference (land, turbid areas, structures, and white caps). Depth Invariant Indices (DIIs) were calculated for water column correction, using the method presented by [57].



For each image, a supervised pixel classification was conducted, using 70% of its seed pixels as training vectors (80% for the southern area [52]). The classification algorithm (see Table 3 for specifications) used the satellite image spectral band from 465 to 680 nm and the DII index. To verify the accuracy of the maps, the remaining 30% of seed pixels (20% for the southern area) were used in a ground-truth ROIs module of ENVI 5.3 software to calculate the overall accuracy and Kappa coefficient. Other details are shown in [26,52,56]. By integrating the maps of the three areas, a comprehensive characterization of seagrass coverage throughout the PNAPM for 2020–2021 was possible.




3.7. Coral Reef Rugosity Map


The rugosity index presented by [30] was used to indicate the structural complexity of a coral reef, which is one of the most important parameters that defines the ability of a coral reef to dissipate wave energy [10]. The data were obtained by these authors at eight sites (Figure 1) located in the back-reef zone, at 2 to 5 m depth, during June/July 2019. At each site, the rugosity was determined in ten transects, by dividing the total length of a 3 m chain by the length of the chain in contact with the substrate, and the rugosity index was determined as the mean rugosity in the ten replicates.



The present work expanded the value obtained by [30] to the entire back-reef zone, respecting the lateral discontinuities (channels) of the coral barrier, considering that the neighboring areas of the sites have similar rugosity conditions. The coral coverage map used to extend the rugosity index results is from [58], and the bathymetry data used for identifying the back-reef zone and reef channels are from [59].




3.8. Data Analysis


Possible disparities in beach characteristics and shoreline variations among parameters of shore use and the condition of foredunes were assessed with a non-parametric Kruskal–Wallis test using R version 4.3.2 software. In cases where the tests indicated significant differences, a post hoc analysis was carried out using the Dunn test with Bonferroni adjustment, thereby allowing for multiple pairwise comparisons.



After analyzing the data of the key parameters, the main problems causing shore deterioration and the possible indicators of a critical situation were defined. To carry out a spatial analysis of the shore and coastal ecosystems, the GIS map of each parameter was plotted side by side, using ArcGIS 10.0 software. This analysis was named multi-parameter interpretation. A color system was defined to facilitate the visualization of the data and identification of areas needing special attention. For the quantitative parameters, 6 classes were used, with a color gradient “red–orange–yellow–light blue–dark blue–green” indicating the condition from critical to good. Color classes of the foredune were as follows: red for a stretch of shoreline without foredune and green for a stretch protected by “Natural” foredunes, while light blue, yellow, and orange indicate, respectively, interrupted, interrupted and impacted, and artificial foredunes. For land use classes, green showed “natural” uses (good condition) and red showed “erosion” conditions (critical condition), while the color of the classes urban and hotel does not indicate a shore condition. Seagrass classes followed [26], with colors varying from green ~ denser/taller meadows to yellow ~ bottom without seagrasses. This color system is intended to facilitate the spatial interpretation of the general condition of the shore and coastal ecosystems, and thus the identification of the areas requiring special attention.





4. Results


4.1. Land Use on the Shore


In December 2022, large hotels (classes H, HN, and EH, see Table 4) occupied 43.4% of the PNAPM shore, while urban structures (classes U and EU) occupied 28.3%. The remaining 28.3% was classified as “Natural” without visible traces of use by humans (Table 4). The “Natural” class of land use was fragmented and mainly located in the central–northern part of the study area (Supplementary Material, Figure S1). The most critical condition, “Erosion”, was found on 14.6% of the PNAPM shore (classes EU and EH, see Table 4), frequently occurring between latitudes 20°53′30′′ and 20°55′00′, but also in small stretches of the southern part, with urban use (EU), and in the northern part, with hotel use (EH) (Figure S1).




4.2. Foredune Characterization


In December 2022, 48.5% of the PNAPM shoreline was protected by just over 33.5 ha of foredunes (Table 5). Although the foredunes classified as “Natural” represent almost half (47.3%) of the total foredune area, only 14.4% of the PNAPM shore length is protected by this type of foredune. In general, “Natural” foredunes consisted of larger patches than other types of foredunes, presenting on average 51.3 m2 of foredune per meter of shoreline (Table 5). The foredunes classified as “Interrupted” also offered a somewhat lower, but still significant, protection (40.8 m2 of foredune per meter of shoreline) to 11.7% of the PNAPM shore. The lowest foredune area per meter of shoreline was that of foredunes classified as “Interrupted and Impacted” and “Artificial” (respectively, 19.2 and 10.8 m2/m).



The mean height of the “Natural” foredunes was 2.1 m (between 1.7 and 3.0 m). “Interrupted and Impacted” foredunes had similar heights (between 1.5 and 3.3 m; mean= 2.0 m), while “Interrupted” foredunes varied from 2.0 to 3.4 m (mean = 2.7 m). The artificial dunes had a greater variation in height (from 1.2 to 5.2 m MSL) (Table 5; Figure 3; Supplementary Material Figure S2).



The shoreline stretches labeled as “Erosion” lack foredunes, except for one instance where an artificial foredune was constructed in front of an eroded shore used by a hotel. Comparing the land use of the shore where each type of foredune is located (Table 6), “Artificial” foredunes were predominantly located in front of the large hotels, while “Natural” foredunes were only found on shores classified as “Natural”, i.e., without human occupation. However, “Natural” shores also had “Interrupted” foredunes, with walking trails or constructions behind the first dune ridges. Foredunes classified as “Interrupted and impacted” were generally found in urban shores (988 m), although the longest length was in front of hotels that were under construction in December 2022 (1442 m). These foredunes may be lost to structures or gardens in the near future, or they may become “Artificial” dunes, if the hotel decides to maintain them as such.




4.3. Beach Profiles


The beach profiles showed a wide range of backshore volumes (1.2–100 m3/m) and widths (4.7–50.3 m), as well as slopes of dry beach (0.02–0.24), swash (0.07–0.17), and surf zones (0.02–0.37). The slopes did not differ significantly between foredune types (or absence), but a significant difference was verified in the values of backshore volume (chi-squared = 20.4, p = 0.0004) and width (chi-squared = 12.2, p = 0.01) between profiles without foredunes and profiles with interrupted foredunes (Figure 4A). The shores classified as “Erosion” presented significantly higher dry beach slopes (chi-squared = 25.1, p = 0.0001) (except with HN class) and smaller backshore volumes/widths (chi-squared = 38.18, p < 0.0001; chi-squared = 35.99, p < 0.0001) (Figure 4B; Supplementary Materials Figures S3 and S4).




4.4. Grain Size Analysis


The sediment grain size presented few variations alongshore (Figure 5, Supplementary Material Figure S5) and could be classified as fine-to-medium size, according to scale proposed by [60]. In the swash zone, where most samples were taken, D50 ranged between 0.18 and 0.31 mm (mean 0.23 ± 0.015 mm, 95% confidence interval). Where the sediment size evaluation was made all along the beach profile (dry beach, swash and surf zone, n = 10), the grain size was generally slightly coarser on the dry beach (mean 0.25 ± 0.027) mm than in the swash zone. In the surf zone, D50 presented a greater variation (between 0.18 and 0.49 mm, mean 0.26 ± 0.065 mm, 95% confidence interval). No clear link between grain size and foredune type (chi-squared = 1.05, p = 0.9) was detected. No correlations were observed between grain size and beach profile parameters, the volume and slopes of dry beach, swash, and surf zones (R2 < 0.2 for all linear regressions).




4.5. Shoreline Evolution


The shoreline position from the analysis of satellite images showed an average difference equivalent of the size of 1 pixel (3 m) with those from beach profiles (Table 7).



The shoreline change rates (negative = erosion; positive = accretion) showed a general trend of erosion along the entire PNAPM shore from January 2011 until November 2022 (Figure 6, Supplementary Material Figure S6). Most locations (62%) showed shoreline erosion of 1.0–1.9 m/year, and the most severe erosion was 2–3 m/year (at 20% of the locations). Only two locations registered accretional trends: one in the north, where the hotel’s beach management had succeeded in increasing the width of the beach, and the other in the south of PNAPM, where sediment accumulated on the northern side of the breakwater of the Puerto Morelos port.



The degree of erosion was independent of foredune type or land use on the shore (Figure 7), except between the EH and U land use (chi-squared = 11.9, p = 0.03). No significant correlations (R2 < 0.2 for linear regressions) were found between the 2011 to 2022 shoreline change rate and the characteristics of the beach profiles in December 2022 (slope, width, volume, and sediment size).




4.6. Seagrass Meadow Classification Maps


The maps of the northern, central, and southern reef lagoon areas had an overall accuracy/Kappa index of, respectively, 91%/0.88 [26], 84%/0.78 (present study), and 97%/0.94 [52].



Despite the relatively small size of the study area (<20 km along the shore), important differences were detected among the three areas (Supplementary Material, Figure S7). The northern area had a wider reef lagoon (1.5–3.0 km), with broad C1 class (dense) vegetation. This shore line was less urbanized, with stretches with no visible human occupation (Figure S1). In the first half of 2021, its mixed seagrass meadows showed signs of good health (no epiphytes, and few algae in the meadows), except for the strip closest to the shoreline, which showed signs of impact due to the massive arrival of the holopelagic Sargassum spp. causing sargassum brown tides (accumulation of organic matter on the bottom, brown tide/turbid water) [6]. The mean shoreline change rate for this area, for 2011–2022, was −1.1 m/year.



The narrower reef lagoon in the central and southern areas (0.5–1.5 km) was more affected by anthropic activities, with more intensive urban or hotel land uses (Figure S1). In the survey at the end of 2021, signs of seagrass meadow degradation were seen in the central area, where the bottom was dominated by fleshy alga such as Caulerpa sp. and Avrainvillea sp. or seagrasses with many epiphytes. In this central area, there were few satellite images with clear water for the dates close to the field analysis (August–November 2021). Most images with low cloud cover showed turbid water, mainly due to the sargassum brown tides. It was impossible to map some bottoms, closest to the coast, because of high turbidity [56]. Notwithstanding, a strip of dense vegetation (class C1) was seen near the coast in the central area, with more signals of deterioration (epiphytes and higher participation of opportunistic macroalgae) than in the northern area. The shoreline change rate in this area, for 2011–2022, was usually over 2 m/year erosion, a mean shoreline change rate of −1.7 m/year.



In the southern area of PNAPM, the entire reef lagoon was dominated by class C2 (medium dense vegetation), with small patches of C1 within C2 meadows, and a narrow strip of C1 very close to the coastline. A mean shoreline change rate of −1.1 m/year was recorded for this area.




4.7. Coral Reef Rugosity


According to [30], in 2019 the rugosity index of the PNAPM coral reef varied between 1.28 and 2.08, indicating poor (1.2–1.49), fair (1.5–1.99) and good (2.0–2.5) conditions. The coral reefs with lower rugosity were found in the central section of the PNAPM. The reef with a good rugosity condition was at latitude 20°52′30′’ (Supplementary Material, Figure S8).




4.8. Integrated Multi-Parameter Shore Evaluation


Our results indicate the main reasons for the degradation of the shore in this study area, specifically. These are the erosion of the shore, indicated by the shoreline change rate and “Erosion” class of land use on the shore, the removal or deterioration of the foredunes, and the low values of the backshore volume.



Based on the previous causes and the analysis presented in the previous sections, the four indicators of the most deterioration of the PNAPM shore were defined as (i) “Erosion” as the land use classification of the shore; (ii) absence of foredune; (iii) backshore volume < 10 m2/m; and (iv) erosion rates >2 m/year.



The multi-parameter map, created through GIS tools, integrates all the available information, and it allows us to make a general spatial description of the state of the PNAPM coast. Critical areas in terms of shore deterioration, where at least two indicators were found, are highlighted by red rectangles in Figure 8.



This assessment also enabled identification of priority areas for shore preservation. These areas were generally located on stretches with no human occupation, adjacent to critical and/or with natural or interrupted foredunes. These preservation priority areas are marked in lilac in Figure 8





5. Discussion and Conclusions


In this study, several key parameters were used to describe the condition of the shore and coastal ecosystems of the PNAPM, and each is discussed below.



The occupation or land use on the shore proved to be a valuable source of information and easy to obtain. It allowed for the identification of actors for Integrated Coastal Zone Management, the degree of anthropization, and the estimation of human-induced pressure. Continuous monitoring of land use on the shore, using the data presented in this work as a starting point, would identify future changes on the shore and make it possible to define the relationship between these changes and the deterioration, or recovery, of the shore. In December 2022, only 28.3% of the PNAPM shore was classified as “natural”, with most (43.4%) being used by large hotels. There are social consequences associated with this issue, such as the “gentrification” of beach use, because some hotels do not permit public access to the beaches under their concession. However, the indicator that best evidenced shore deterioration was the “Erosion” class of land use, identifying stretches where the shore no longer had a dry beach, totaling a considerable 14.6% of the PNAPM shore.



Foredunes are an integral part of the natural dynamics of the beach [61], and their classification indicated the condition of the shore, once their deterioration reduce their protection of the coast against erosion, flooding in extreme events, and climate change [21]. In December 2022, only 38.2% of the PNAPM shore was protected by naturally created foredunes, and approximately one-third of these were highly impacted (Table 5). The importance of foredunes to coastal protection is acknowledged globally [8,21,22], while the alarming loss and degradation of foredunes in PNAPM is evident. Data from [62], [13], and the present study show that there has been an exponential decrease in foredune areas between 2011 and 2022 (Figure 9), resulting in a loss of 63.7% of the foredune area during this period. It is worth noting that several hotels have created artificial dunes in front of their structures, which comprised 10.5% of the PNAPM shoreline length. These artificial foredunes had a much smaller area per meter of shoreline (10.8 m2/m) compared to the natural foredunes in a relatively good condition (40–50 m2/m), although some of these artificial foredunes were the highest dunes recorded in the PNAPM. However, they may not be in equilibrium in terms of volume or position, naturally determined by coastal and wind dynamics [63], making them more unstable. In spite of this, these mitigation initiatives do provide some coastal protection against normal events of high wave energy, but they are possibly not effective in protecting the shore during extreme events. Future studies are needed to ascertain the effectiveness of these artificial foredunes in terms of coastal protection.



The characteristics of the beaches (backshore volumes and widths, slope value of dry beach, swash and surf zone, and grain size) were not significantly related to neither specific land uses on the shore (except for areas categorized as Erosion), nor the type, or absence, of foredunes. Unfortunately, there has been no continuous beach profiling in the study area to reveal the causes of the changes in beach characteristics. Regular, frequent beach profile monitoring would highlight areas that are losing backshore volume, or where the slope is changing, which would indicate changes in the beach morphodynamics and allow for the plotting of shore evolution in different seasons, or over the years [23]. Such monitoring should be performed at least twice a year (in periods with most and least energy) to identify possible effects that the land uses on the shore, and the foredune type, have on the beach. As beach profile data are crucial for future studies, the data collected for this work are available in the Supplementary Materials, and other researchers may use it as long they cite this publication.



Although the sediment grain size is considered an important factor that defines the shape of a beach profile [64], no relationships were found between grain size and the slope of each beach profile zone, or the volume of the backshore. However, other studies state that the local wave characteristics define the beach profile shape [65,66], and this is possibly the case for the study area. Temporal monitoring of grain size and beach profiles, combined with nearshore wave data, could clarify the effect of sediment and waves on the profile shape and on beach slopes in the study area. The sediment grain size data obtained in the present study, compared with a few samples from 2007 and 2010 [67], do not show important changes. However, as few sediment samples were obtained in the past, and due to the erosive condition of the area, it is recommended that sediment monitoring be carried out parallel to the beach profile monitoring.



The analysis of shoreline evolution over more than a decade in the PNAPM shows widespread shore recession (mean = 1.4 ± 0.13 m/year), except at two points. The erosional trend of the shoreline is in agreement with the findings of various other studies carried out in stretches of the study area [25,32,33]. In general, the rate of shoreline change did not differ significantly between types of foredunes and land uses on the shore. The data on foredune types and land use on the shore were obtained in December 2022, and the shoreline change-rate data were obtained for the period 2011–2022; therefore, the types of foredune or land use data for December 2022 were not reflected in the shoreline change rate for the last decade. The causes of the erosion may be attributed to the estimated 2.5 mm/year rise in sea level in the PNAPM area [68], and/or the degradation of seagrass and coral reef ecosystems over recent years [4,6,38,44]. The degradation of these ecosystems results in the loss of ecosystem services, such as sediment stabilization and the prevention of coastal erosion and flooding [10,19]. In front of the areas with the highest shoreline erosion rates, around ~20°57′ and 20°53′, the seagrass meadows had the worst conditions and the reefs had the lowest value of coral reef rugosity (see Figure 8).



The PNAPM has a program to monitor the seagrass meadows and coral reefs [69], but monitoring efforts were discontinuous and only covered specific areas. High temporal and spatial resolution in monitoring are important for ecosystems undergoing degradation, such as the seagrass meadows and coral reef in PNAPM, since it is difficult to predict their future trajectories of degradation [17,18] if stressors, such as an increase in sea level, nutrients and/or temperature, coral diseases, or the massive beaching of sargassum, continue. This kind of monitoring is expensive and laborious, requiring specialists for each ecosystem, and in remote sensing, to carry out in situ measurements, determine ecosystem status classes, and create classification maps from satellite images and field data. Even so, monitoring should be carried out every 5 years. Because of the importance of seagrasses in shallow-water coastal dynamics, and the recent loss of seagrass meadows following the massive arrival of sargassum [6], it is advisable to monitor the nearshore area, the 400 m closest to the coast, every 2 years.



From an analysis of the general condition, the shore indicators of shore deterioration were identified. The multi-parameter interpretation allowed us to identify sections of the shore that were in critical condition (marked as red rectangles in Figure 8).



The primary cause of the problems in these areas was the occupation of the shore, which had eliminated the foredunes and decreased the backshore volume, resulting in decreased beach buffering. This reduction in volume disrupted the dynamics of the beach, leading to a sediment deficit, accelerating the already prevalent erosion processes along the coast. The largest critical area was found at latitude 20°54″, lying adjacent to seagrass meadows with signs of deterioration and reefs with a low rugosity index, suggesting that the deterioration of marine ecosystems contributes to the further deterioration of the shore. These areas need special attention due to the higher risk of destruction of structures and flooding of the coast. The identification of these areas is important for coastal managers to define better adaptation strategies and/or protection measures [70]. The multi-parameter interpretation also enabled the identification of areas which could be defined as priority areas for preservation actions and ecosystem-based management strategies, especially for foredunes, but also the other coastal ecosystems (in lilac Figure 8). For example, “Natural foredunes” could be protected from the construction of infrastructure, and “Interrupted foredunes” could be recovered through protection and restoration actions.



To the best of the authors’ knowledge, this is the first time that detailed spatial data have been obtained and analyzed for a Caribbean reef system and sandy shore. The methodology can be applied to other, similar areas, and the data can be used as a possible basis for a continuous shore monitoring program in PNAPM.



Criteria for the definition of the critical stretches of a shore will be site-dependent and differ depending on the main stressors to the coastal system. For the area under study, erosion was prevalent along almost the entire shore. Therefore, the identification of the most critical areas was based on pre-existing issues, such as the absence of a beach and foredunes, low backshore volume, and high shoreline erosion rates. Other issues may be vulnerability to the impact of extreme events, which will require different parameters and criteria.



Considering that reef–seagrass–beach–dune systems, common in the Caribbean, can be greatly affected by changes in hydrodynamics and sediment flow, and that these ecosystems are highly interconnected [4,13], traditional protection measures, such as hard engineering defenses or beach nourishment, can cause major impacts to one, and consequently to all coastal ecosystems. Solutions that are ecosystem-based, like coral reef and seagrass restoration, are recommended for this type of system, in order to maintain or enhance coastal environment resilience and ecosystem services, such as defense against extreme waves, flooding, and erosion [71]. Ecosystem-based defense also has additional benefits, such as an improvement in water quality, carbon sequestration, fishing production, nature conservation, and the creation of recreational spaces [72]. Therefore, restoration projects for seagrass and coral reefs are urgently needed in those areas that are critical in shore deterioration and identified as priorities for preservation.
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Figure 1. Puerto Morelos National Reef Park (PNAPM) with locations of each data group shown. 
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Figure 2. Examples of (A) land use on the shore: N = Natural; U = Urban; H = Hotel; HN = Hotel New; E = Erosion; and (B) foredune types: NF = natural; AF = artificial; IF = interrupted; IIF = interrupted and impacted (photos L.R. de Almeida). 
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Figure 3. PNAPM foredune heights and locations, December 2022. 
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Figure 4. Variations in the characteristics of beach profiles (slopes of dry beach, swash and surf zone; backshore volume, backshore width and slopes), depending on (A) foredune type (NF = natural; IF = interrupted; IIF = interrupted and impacted; AF = artificial; No dune), or (B) land use on the shore (N = Natural; U = Urban; H = Hotel; HN = Hotel New; EH = Erosion—Hotel; EU = Erosion—Urban). 
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Figure 5. Grain size variation (D50) on the beach profile (dry beach, swash, and surf zone). Sample locations (L) in Figure 1. 
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Figure 6. Shoreline change rate (m/year) and the Root-Mean-Squared Error (RMSE) obtained from linear regression of shoreline position between January 2011 and November 2022 (N = 27) in 101 locations of PNAPM shore. 
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Figure 7. Shoreline change rate (m/year) depending on (A) foredune type (NF = natural; IF = interrupted; IIF = interrupted and impacted; AF = artificial; No dune) and (B) land use on the shore (N = Natural; U = Urban; H = Hotel; HN = Hotel New; EH = Erosion—Hotel; EU = Erosion—Urban). 
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Figure 8. Integrated map of the condition of the shore and coastal ecosystems, indicating the critical areas of the PNAPM shore (red rectangles) and priority preservation areas (marked in lilac), based on data presented in this article. Land use on the shore: N = Natural; U = Urban; H = Hotel; HN = Hotel New; EH = Erosion—Hotel; EU = Erosion—Urban. Foredune Type: NF = natural; IF = interrupted; IIF = interrupted and impacted; AF = artificial. Seagrass class: C1 = dense vegetation; C2 = medium dense vegetation; C3 = Sparse vegetation; C4 = sediment. 
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Figure 9. Percentage of foredune area lost in relation to 2011 (2011 and 2017, data from [62]; 2019 data from [13]). 
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Table 1. Classes of land use on the shore.
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	Classification
	Description





	N = Natural
	In a natural state, without human structures/occupation on the foredunes and beach, but not necessarily untouched (there are cases of human actions or structures just landwards of the foredune).



	U = Urban
	Occupation by houses, public promenades, small hotels or bars/restaurants.



	H = Hotel
	Presence of large hotels, occupying >150 m along the shore



	HN = Hotel New
	Large hotels under construction at the time of evaluation



	E = Erosion
	Eroded shore, where the sea collides with infrastructure under calm conditions. The backshore (from structures to the mean sea level) < 15 m wide. Subdivided into



	EH = Erosion—Hotel

EU = Erosion—Urban
	EH = erosion on shore used by large hotels;

EU = erosion on shore with urban use.










 





Table 2. Description of foredune types.
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	Classification
	Description





	AF = Artificial foredune
	Foredunes where morphological conditions were artificially made, favoring or creating an accumulation of sediments where typical dune vegetation developed. Indicates high deterioration of the foredune



	NF = Natural foredune
	Foredunes in natural morphological conditions (the dune is in an area without human occupation and the back of the foredune is occupied by natural vegetation). Indicates no deterioration of the foredune



	IF = Interrupted foredune
	Foredunes interrupted by human-made infrastructure, roads at the back of the foredune, walking trails and/or affected by trampling. Indicates minimal deterioration of the foredune



	IIF = Interrupted and impacted foredunes
	Foredunes interrupted, and with a very high degree of impact, because they were narrow, or small in area (i.e., highly fragmented). Indicates high deterioration of the foredune.










 





Table 3. Satellite images, data, and method for classification/validation used in the seagrass meadow classification maps of each area.
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	Satellite Image Date
	Satellite
	Mapped Area
	Data for Training and Validation of Supervised Classification
	Supervised Classification Algorithm/Software Used





	28 January 2020
	Planet Scope

4 bands
	South
	146 Ground truth data sampling points from September 2019 and January 2020 [52]
	Maximum Likelihood/ENVI



	23 January 2021
	Planet Scope

4 bands
	North
	105 Ground truth data sampling points from April to June 2021 [26]
	K-nearest neighbors/SNAP



	31 October 2021
	Planet Scope 8 bands
	Central
	137 Ground truth data sampling points from September to November 2021
	K-nearest neighbors/SNAP










 





Table 4. Land use on the PNAPM shore: length and percentage of each type of land use.
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	Classes
	Total (m)
	%





	N = Natural
	6099.9
	28.3



	U = Urban
	4472.2
	20.8



	H = Hotel
	6337.3
	29.4



	HN = Hotel New
	1477.4
	6.9



	EH = Erosion—Hotel
	1539.3
	7.1



	EU = Erosion—Urban
	1625.7
	7.5



	Total
	21,551.8
	100.0










 





Table 5. Area and shoreline length of each type of foredune in the PNAPM (December 2022).
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	Foredune Type
	Total Area (m2)
	Mean Area (m2)
	Area

(%)
	Shoreline Length

(m)
	% in Relation to the Total Shoreline

(21,558 m)
	Area per Shoreline Length

(m2/m)
	Mean Height (min, max)

(m)





	Artificial
	24,470.5
	1223.5
	7.3
	2271.6
	10.5
	10.8
	2.57 (1.2–5.2)



	Natural
	159,302.4
	26,550.4
	47.3
	3103.4
	14.4
	51.3
	2.05 (1.7–3.0)



	Interrupted
	102,538.3
	12,817.3
	30.5
	2512.1
	11.7
	40.8
	2.75 (2.0–3.4)



	Interrupted and impacted
	49,567.4
	3540.5
	14.8
	2577.2
	12.0
	19.2
	2.03 (1.5–3.3)



	Total
	335,878.7
	 
	100.0
	10,464
	48.6
	 
	 










 





Table 6. Length of shoreline (m) covered by each type of foredune, and the coincidence (in m) of the types of foredune with the land use on the shore.
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Foredune Type

	
Shoreline Length (m)

	
Coincidence (in m)




	
Land Use on the Shore




	
Hotel

	
Hotel New

	
Urban

	
Natural






	
Artificial

	
2271.6

	
2039

	
0

	
77

	
155 *




	
Natural

	
3103.4

	
0

	
0

	
0

	
3103




	
Interrupted

	
2512.1

	
0

	
0

	
112

	
2400




	
Interrupted and impacted

	
2577.2

	
0

	
1442

	
988

	
148 **




	
Total

	
10,464

	
 

	
 

	
 

	
 








* Natural land use, but used to deposit sargassum seaweeds, creating an artificial foredune. ** First line of foredunes adjacent to a plant nursery; the coast was considered natural.













 





Table 7. Comparison of shoreline positions obtained from satellite images (PlanetScope, pixel resolution of 3 m) and from beach profiles.
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	Date of Satellite Image

(PlanetScope Pixel Resolution of 3 m)
	Date of Profiles Measurement
	Nº of Beach Profile
	Mean (Minimum and Maximum in Parenthesis) Difference between Shoreline Position from Satellite Images and from Beach Profiles

(m) *





	26 October 2018
	3 and 22 October 2018
	74
	0.7 (−3; 3.4)



	5 March 2019
	11 February 2019
	14
	−3.7 (−4.4; −2.9)



	23 October 2022
	17 and 21 October 2022
	10
	−2.6 (−4; −1)



	30 November 2022
	18 November to 13 December 2022
	98
	−2.9 (−8.6; 2.8)







* Negative values mean that the shoreline is closer to the sea than reality; positive values mean that shoreline is closer to land than reality.
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