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Abstract

:

The interconnections between hydrodynamics, coastal sediments, and ecosystem distribution were analysed for a ~250 km strip on the northern Mexican Caribbean coast. Ecosystems were related to the prevailing and extreme hydrodynamic conditions of two contrasting coastal environments in the study area: Cancun and Puerto Morelos. The results show that the northern Mexican Caribbean coast has fine and medium sands, with grain sizes decreasing generally, from north of Cancun towards the south of the region. Artificial beach nourishments in Cancun have affected the grain size distribution there. On beaches with no reef protection, larger grain sizes (D50 > 0.46 mm) are noted. These beaches are subject to a wide range of wave-induced currents (0.01–0.20 m/s) and have steeper coastal profiles, where sediments, macroalgae and dune-mangrove systems predominate. The coastline with the greatest amount of built infrastructure coincides with beaches unprotected by seagrass beds and coral reefs. Where islands or coral reefs offer protection through less intense hydrodynamic conditions, the beaches have flatter profiles, the dry beach is narrow, current velocities are low (~0.01–0.05 m/s) and sediments are finer (D50 < 0.36 mm). The results offer a science-based description of the interactions between physical processes and the role played by land uses for other tropical coastal ecosystems.
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1. Introduction


The enormous biodiversity of coastal ecosystems in the tropics has long been appreciated and is now recognised scientifically. However, mangroves, foredunes, beaches, seagrass meadows and coral reefs are all currently subject to environmental degradation aggravated by anthropogenic drivers, extreme hydrometeorological events, and climate warming [1,2,3]. Coastal dynamics are influenced by the ecosystems that exist in any locality. They affect the morphology, sediment transport, and sediment features of the environment where they are found.



Coral reefs enhance wave dissipation [4], as do seagrass meadows. This, in turn, contributes to sedimentation and the entrapment of sediment particles [5,6]. Dunes and beaches are interconnected by the wave energy that reaches the coastline [7,8] and the sediment budget along the beach profile [9]. Both beaches and dunes are also dependent on the characteristics of adjacent ecosystems [10,11,12].



The spatial arrangement of coastal ecosystems is associated with topo-bathymetric profile changes, waves, and currents, that are also linked with sediment transport patterns and sediment distribution [13]. Low hydrodynamic energy conditions promote the accumulation of fine sediments, whereas higher energy levels lead to coarse sediments [14]. Grain size and sediment type contribute to shaping the coverage of submerged aquatic vegetation and its distribution. This contributes to reducing sediment transport capacity [15] and alters the flow dynamics [16,17] and the coastal morphology [18]. Thus, the complex interaction of hydrodynamics and sedimentary processes in coastal dynamics, under different sets of forcing conditions (waves, winds, tide, storm, etc.), affects the evolution of the environment [19].



In this regard, Gillies et al. [20] state that factors such as hydrodynamic energy and sedimentation, together with light availability, nutrient loads, and herbivore numbers are critical for the growth and establishment of tropical ecosystems (e.g., mangrove forests, seagrass beds and coral reefs).



Natural and anthropogenic changes impact directly on the two-way ecological–geomorphological linkages [21], and the stability of any ecosystem depends on the combination of the threats they face [22]. The resilience of coastal ecosystems is also dependent on physical maritime processes, geomorphology, and environmental characteristics, with coral reef-seagrass-mangrove systems being more resilient than open beaches with dune-mangrove systems [23]. For example, a study in Belize [12] showed that the presence of coral reefs, seagrass meadows and mangroves together, substantially moderates incoming wave energy, inundation levels and loss of mud sediment. They also found that, although mangroves alone can offer the coastal protection services mentioned, corals and seagrasses also influence the nearshore wave climate.



In the Caribbean, the coastal biodiversity is modulated by calm wave and wind conditions for most of the year, with extreme events of short duration from time to time (i.e., hurricanes and tropical storms) [23,24]. During these storms, currents can cause significant sediment transport, resulting in coastal erosion and accumulation [25]. Temporal and spatial distribution patterns of sediment, textural variations and biophysical characteristics of ecosystems, alongshore and cross-shore, provide information on coastal hydrodynamics [26].



On the northern Mexican Caribbean coast, tourist destinations, such as Cancun and the Riviera Maya, have been built along the coastal strip of sandy beaches, interspersed with a few low-lying rocky coastal terraces. However, the attractiveness of the area has been negatively affected by the impacts of increasing anthropisation, including both tourism and urban infrastructure. This has caused fragmentation and degradation of ecosystems, as well as disassociation from traditional and sustainable practices [27]. A range of studies on the distribution of marine ecosystems and sediment analysis (e.g., [28,29]), or hydrodynamics and sediment transport features in this area, are available. Tools such as numerical modelling [18] and statistical trend analysis [30] have also been used to improve the understanding of the hydro-sedimentary processes, including temporal and seasonal variations. More recent work in the northern Mexican Caribbean by [23,31,32] has related hydrodynamics to ecosystems, describing their fragmentation, distribution, systemic interactions, connectivity and resilience. However, analyses using detailed data are still required to improve the understanding of coastal behaviour.



This paper aims to analyse the connection between hydrodynamics (average and extreme conditions), sediments and ecosystems along the northern Mexican Caribbean coast. Wave climate, sediments and the distribution of coastal ecosystems were examined with a focus on two morphodynamically different beaches, one with, and the other without, coral reefs and seagrass meadows. The physical properties of 228 coastal sediment samples from the area, collected between 2005 and 2018, and kept at the Institute of Engineering, UNAM, were analysed. In addition, two contrasting coastal environments in the area, Cancun and Puerto Morelos, were analysed for a more comprehensive description of their sediment distribution and ecosystem profiles in relation to coastal hydrodynamic behaviour, for which numerical modelling was performed.




2. Materials and Methods


2.1. Study Area


The study area is in the Mexican state of Quintana Roo, along ~250 km of the northern Mexican Caribbean coast, between Cabo Catoche in the north (21.60583° N, 87.10334° W) and Punta Allen in the south (19.7976° N, 87.47430° W) (Figure 1). Mangroves, foredunes, beaches, seagrass meadows and coral reefs interact along the coast, forming a complex ecological system that influences the flow of matter and marine energy on the very narrow continental shelf [33,34]. Between Cancun and Tulum, the main touristic corridor in Mexico covers ~220 km2 of the coastal zone. Most of the population and infrastructure in Quintana Roo are concentrated here [31]. It has 913,179 inhabitants and had an annual population growth rate of ~2.54% by 2015 [35]. In this area, scores of tourist developments of varying size alternate with urbanised areas such as Cancun, Puerto Morelos, Playa del Carmen, Akumal and Tulum (Figure 1a).



The area is affected by hurricanes and tropical storms that induce strong waves, winds, and coastal flooding in the summer months [36,37]. Trade winds also affect the area, as well as intense winds from the north. The microtidal conditions have a tidal range of 0.16–0.25 m [38]. Parallel to the coast, ocean currents flow with a southwest-northeast direction parallel to the deviation of the Yucatan landmass [39], but the nearshore currents, generated by the trade winds, produce southerly, littoral currents with a longshore sediment drift to the south [40].



In front of the Quintana Roo shore, a series of discontinuous coral reefs run parallel to the coast, particularly between Tulum and Puerto Morelos. These are part of the Mesoamerican Reef System, and form shallow coastal lagoons separating the reef from the shoreline [41]. The reef lagoons have sandy bottoms usually covered by seagrass meadows. The dominant foundation species is Thalassia testudinum, along with Syringodium filiforme or Halodule wrightii and algae [42]. The combination of coral reefs, shallow reef lagoons and seagrass meadows provides most of the coast with natural protection by dissipating wave energy, producing a less hydrodynamic, sheltered, stable shoreline [11,12,43]. However, the international tourist resort of Cancun differs from other areas as there are no coral reefs and reef lagoons offshore, so the beach receives the direct impact of waves, making it more dynamic and variable than other beach areas [34,44].



Many protected areas and natural parks have been established along the Mexican Caribbean but, again, the beach front at Cancun is the exception (Figure 1b). The barrier island, between Punta Cancun and Punta Nizuc, separates the sea from the Bojorquez-Nichupte lagoon system, an important leftover section of wetland (Figure 1b). Over the last 50 years there has been massive tourism development over the former dunes, and canalisation of the lagoon inlets.




2.2. Sampling Techniques, Numerical Modelling and Data Analysis


2.2.1. Regional Analysis


Sand samples were collected in the study area from 2005 to 2018. The sampling sites were ~1 km apart, with special focus on beaches that have different types of coastal ecosystems and degrees of anthropisation, such as Cancun, Puerto Morelos, Playa del Carmen, Akumal and Tulum (Figure 1a). At each site, three sand samples were taken; at the backshore, foreshore and at a water depth of 0.5 m. A total of 228 sand samples were collected, of which 54.3%, 20.2%, and 13.6% were from Cancun, Puerto Morelos and Playa del Carmen, respectively. Most of the sand samples were from 2006–2007 (56.6%), with 15.8% taken in 2010, following the beach nourishment projects in Cancun subsequent to the impacts of Hurricane Wilma in 2005 [34].



Grain size distribution, sphericity (SPHT) and shape factor (SF) were measured with a CAMSIZER P4 particle analyser based on a dynamic image analysis method for particle size identification and the Krumbein–Sloss chart for particle shape parameters [45]. A pycnometer method was used to determine the specific gravity and density of sand samples. A descriptive statistical analysis of grain size (D10, D50 and D90), SPHT, SF and density is presented for all the sand samples in the study area.



The variation in the grain size, D50, as a function of the longshore distance (DLS) was analysed, taking the most northerly location in the study area, Costa Mujeres (21.24112° N, 86.80213° W), as a reference point, to Punta Allen in the south (19.79760° N, 87.47430° W). This information allows changes in the mechanical properties of sediments to be identified and the determination of any possible directions of sediment transport along the coastline [46,47].



Wave climate conditions were examined using the output dataset from hourly estimates of wave parameters from ERA5 reanalysis at the location 21.0° N, 86.5° W from 1979 to 2021 [48]. The ERA5 dataset provides wave climate conditions over a regular latitude-longitude global grid, with spatial spacing of 0.5°, and with the selected location being the most suitable for the analysis of wave climate conditions in the northern region. Wave rose diagrams and density histograms of wave height and wave period were produced to define the wave height (HS), wave period (T) and wave direction (θ) under prevailing and extreme wave conditions for further numerical modelling. Extreme wave-conditions were defined considering an hcrit threshold, exceeded for a minimum period of 12 h, with hcrit being 1.5 times the annual average significant wave height based on the existing hourly records of wave climate conditions (hcrit = 1.5 HS, annual) [49].



The spatial distribution of coastal environments in northern Quintana Roo was assessed for a coastal strip, 5 km from the shoreline, using an existing ecosystem classification (i.e., mangrove, coastal dunes, coral reefs, seagrass and macroalgae) obtained from [31,50,51]. The areas covered by human settlements, including their number of inhabitants, were also included, based on [52,53]. Considering the length of each beach, the ecosystem and human settlement densities were calculated for Cancun, Puerto Morelos, Playa del Carmen, Akumal and Tulum.




2.2.2. Local-Scale Analysis


Cancun and Puerto Morelos were taken as specific case studies due to their contrasting coastal morphology, hydrodynamics and coastal ecosystem types (Figure 1b). The spatial grain size distribution for 150 m wide strips on the shore for both cases was assessed through the interpolation of D50-values, to obtain the cross-shore distributions of grain sizes. The raster of interpolated D50-values for each location was overlaid with the numerically modelled wave-induced currents, for prevailing and extreme wave events.



The WAPO model [54] was used to obtain the surface wave propagation and the wave-induced currents in the two areas. This model couples the REF/DIF model [55] to resolve the parabolic form of the mild slope equation including wave refraction-diffraction effects in intermediate waters [55,56]. Using the REF/DIF results, the WAPO model calculates the wave-induced currents by resolving the long wave equations. The numerical domains were defined as 20.79–20.91° N and 86.94–86.82° W (14.5 km × 18.4 km) for Cancun, and 21.01–21.27° N, 86.84–86.70° W (12.6 km × 13.0 km) for Puerto Morelos. The bathymetric information for the numerical domains was based on data from nautical charts of the Mexican Navy (SM 900; SM922; SM 922.1; SM 922.3) [57], bathymetric data from WorldView-2 satellite images [50], and local bathymetries obtained in 2008 and 2010. Both numerical domains were discretised in regular grids of 20-m spatial resolution.



Using the available topo-bathymetry data and including information on their coastal ecosystems, 19 beach profiles were assessed for Cancun, perpendicular to the coastline, and 10 for Puerto Morelos, each with a spacing of 1 km. For Cancun there were two areas of profiles: those north of Cancun and those on the barrier island. The classification detailed anthropised areas (urbanisation, hotel development, population, and roads), natural areas (subaerial vegetation other than mangroves), bodies of water (coastal lagoons), mangroves, coastal dunes, type of coast (beach, cliffs or rocky shoreline and artificial protection structures), seagrass and macroalgae, sediment accumulation and coral reefs. The profiles extend 500 m landward from the shore. On the seaside, the profiles extend up to a water depth of 20 m, depending on the information available on the coastal ecosystems. The length of each ecosystem in each profile was obtained through the intersection between the geographical position of the ecosystems, mangrove, reef, seagrass/macroalgae [50,51] and dunes [31], as well as the location of urban infrastructure, the type of coastline and water bodies [52,53]. The identification of the ecosystems in each section was also corroborated with Google Earth satellite images. Subsequently, the extension of each ecosystem in the profile was obtained and its sedimentary and hydrodynamic characteristics were associated with it.



Characteristic profiles were developed to provide a summary of the distinctive features that are shared between all profiles within a specific area of the case studies and to visualise the typical extent and distribution of coastal environments easily. Each profile was normalised by dividing the cross-shore distances (DCS) by the total length of each profile (L) to obtain unit length profiles with the normalised cross-shore distance (DCS*) given by Equation (1).


   D  C S   * =    D  C S    L   



(1)







In this way, the topo-bathymetric information could be averaged to produce two characteristic unit profiles for Cancun and one for Puerto Morelos. The ecosystem type within the characteristic unit profile was found from the statistical mode of the ecosystems at each corresponding location (DCS*) in the unit profiles. The normalised length of the characteristic profile was then scaled, using the average length of the n-profiles considered (i.e., LAV = ΣLi/n, with LAV as the scale factor), to give the three characteristic profiles for the ecosystems in each case study.






3. Results


3.1. Sediments, Wave Climate, and Coastal Environment


3.1.1. Sediment Characterisation


Table 1 shows the sediment features from all the sand samples examined and individually for the case studies. The coefficients of variation (CoV) based on the standard deviation and the mean describe low regional variation (CoV < 13.3%) for the density, SF, and SPHT, but not for the grain size distribution for which variation is higher (CoV > 48.4%).



Most of the samples were calcareous deposits of biogenic origin. However, higher density values (3232 kg/m3) were found at backshore sites close to the rocky points of Punta Cancun and Punta Nizuc. In contrast, lower density sediment samples were found at Tulum, 1632 kg/m3, possibly related to the porous calcite content in the samples. The SF and SPHT show values associated with fine and medium beach sands. The highest SPHT-values were for the northern beaches of Cancun, with SPHT > 0.87.



The grain size distribution in the study area was 0.219–0.875 mm for the mean values of D10 and D90. However, less than 25% of the sand samples had a D50 < 0.219 mm or a D50 > 0.875 mm. Sampling sites in the northern part of Cancun and at Punta Brava had a wide sediment distribution, with D90-values of 4.562 and 4.754 mm, respectively, which correspond to granular sediment and pebbles. On the other hand, sediment with >10% silt was found in Punta Allen, where D10 < 0.0627 mm. Less than 5% of the sand samples had such extreme values of grain size distribution.



Table 1 shows the differences between the case studies of Cancun and Puerto Morelos. The grain size distribution (D50 and D90), density and SPHT in Puerto Morelos were lower than that of the region, the opposite of Cancun, where the sediment features were higher than in the region as a whole.



Findings worth noting are two sand samples from Cancun (Figure 2): a 2005 sample from Cancun, before the beach nourishment, and a sand sample from the same location, but after the beach nourishment. The first sample showed a remarkable degree of well-sorted sediment, as seen in Figure 2a, and a D90 = 0.436 mm and a D10 = 0.252 mm, both close to the D50 = 0.317 mm, giving one of the most homogeneous grain size distributions of all the sand samples collected. In contrast, the second samples showed similar sand parameters but a significantly higher grain size distribution and a low degree of sorting (Figure 2b). With this great difference in the grain size distributions, it is to be expected that the morphodynamic behaviour of the beach under present conditions is different than before the beach nourishment.



Changes in sediment grain size for each of the three parts on the beach profiles are given in Figure 3. The coarsest backshore sands were from the southern half of the Cancun barrier island, with a grain size 0.430 < D50 < 0.747 mm for ~69.0% of the sand samples. In contrast, 26.6% of the sand samples in the north of Cancun had a grain size of over 0.430 mm. Although some peaks in the grain size were seen at specific sites, such as Punta Brava (D50 = 0.616 at DLS = 61.3 km), north of Playa del Carmen (D50 = 0.483 at DLS = 79.1 km), and at Akumal (D50 = 0.631 at DLS = 139.2 km), there was generally a decrease in grain size towards the south, for nearshore, foreshore and backshore samples (Figure 3a–c). The finest sands were from the backshore at Tulum (DLS = 169.4 km) and Punta Allen (DLS = 221.1 km) with D50 < 0.101 mm.



The grain size distribution in the foreshore and nearshore samples showed medium to fine sands, with a grain size that had higher D50-values than those of the backshore (Figure 3d). The nearshore had the largest grain size (D50,mean= 0.464 ± 0.26 mm) with a wider variation along the coast. This was followed by the foreshore (D50,mean= 0.401 ± 0.23 mm) and backshore (D50,mean= 0.358 ± 0.13 mm). About 13.45% of the nearshore sand samples exceeded D50 = 0.800 mm; however, this percentage decreased to 4.6% for the foreshore and to zero for the backshore.



The coarsest sands on the northern Mexican Caribbean were from specific sites in Cancun and Punta Brava (DLS = 7.89 km and DLS = 61.3 km), regardless of which part of the beach profile they were taken from. In summary, fine to very coarse sands were found on the northern Mexican Caribbean coast, according to the Udden–Wenworth grain size scale, with a predominance of fine and medium sand, with 75% of sands having D50 < 0.479 mm.




3.1.2. Wave Climate Conditions


The most frequent wave climate in the area between 1979 and 2020 had waves with a predominant ESE-WNW direction (θ = 112.5°) (Figure 4a). Nearly 95.5% of the waves had heights of HS < 2.0 m, of which 41.7% were of HS < 1.0 m, with peak wave periods of TP = 4.0–8.0 s. The period of prevailing wave TP = 6.0 s had an individual probability of occurrence > 10%. About 4.5% of the waves were over HS = 2 m and only 0.3% of the wave height exceeded HS = 3 m in the prevailing wave conditions.



For extreme wave conditions, the critical wave height threshold was hcrit = 1.71 m. Wave heights were above this threshold, but below 2.0 m for 48.8% of the storm conditions, whereas 46.5% were 2.0 < HS < 3.0 m (Figure 4b). Severe conditions, with HS > 3.0 m, occurred 4.7% of the time, with waves coming mainly from a NNE direction (θ = 22.5°) and up to HS = 11.28 m, associated with wave periods of TP = 7–8 s. Therefore, extreme wave conditions for the numerical modelling of wave propagation in the case studies were defined for a critical condition of HS = 3.0 m, θ = 22.5° (Figure 4b) and a TP = 8.0 s (Figure 4c).



The average storm data for every five-year period is shown in Table 2, including the mean storm duration, total number of storms, and the yearly averaged minima and maxima within the period. The maximum significant wave height reached within the quinquennial period is also provided.



The average wave height was HS-AV = 2.04 ± 0.02 m with wave periods of TP = 7–8 s. Maximum wave heights of HS-Max =10.67 m and HS-Max =11.28 m were recorded with Hurricane Gilbert (1988, H5) and Hurricane Wilma (2005, H4), respectively, which made landfall in the north of the peninsula. Other very energetic waves were associated with hurricanes that approached without making landfall on the peninsula (e.g., hurricanes Allen 1980, H5; Ivan 2004, H5; and Michael, H1). In addition, the maximum wave heights in 1991 and 1995 occurred in stormy, not hurricane conditions.



The duration of storms was variable, with no clear pattern, being generally of between 30.5 and 45.0 h, with maximums in 1999 and 2015. For 1995–2000 the duration of storms was longer than for other periods, up to 46.3 h. The historical minimum for the number of storms per year was reached in 1982, 1986, 1992, and 1997 (14), with a variable average storm duration, while in 2010 and 2016, there were more storms than in other years, but with low persistence.



In general, there has been a trend to more storminess, with the maximum number of storms, 22–26 in 1980–1995, increasing to 27–28 for 1995–2010 and up to 33 after 2010. There has also been a rise in the minimum number of storms in a year, from 14 before 2000 to more than 17 after 2010.




3.1.3. Land Use


The main characteristics of land use in the ~250 km coastal trip from Cabo Catoche to Punta Allen are shown in Table 3. Of these, about 31.8, 9.0, 8.4, 4.4 and 3.1 km of the anthropised waterfront of Cancun, Puerto Morelos, Playa del Carmen, Akumal and Tulum, respectively, were examined in more detail (see Figure 1a). The coastal tourist corridor, from Cancun to Tulum, has 79.4% of the total population living in the coastal area of the Mexican Caribbean, of which 96.4% live in Cancun and Playa del Carmen (i.e., 780,882 inhabitants).



An area of 22,544 ha of the study area is covered by mangroves, with the most extensive being between Cabo Catoche and northern Cancun (in the north), and between Tulum and Punta Allen (in the south). Cancun has a large area of mangrove, with a density similar to that of Puerto Morelos, but 4–10 times higher than that of Playa del Carmen, Tulum or Akumal. Coastal dunes are virtually absent in the anthropised areas analysed. Seagrass and macroalgae are also present in the northern region, with a similar density to that found off Cancun and Puerto Morelos, but far lower than off Playa del Carmen, Akumal and Tulum. The coral reefs are a discontinuous ecosystem, most dense between the south of Punta Nizuc (Cancun) and Puerto Morelos, and with some sections, such as the urban/tourist zone of Cancun, where there are no reef remnants.





3.2. Case Studies


The detailed results for Cancun and Puerto Morelos are used to show the links between beach sediments features, wave climate and land use, in a local-scale analysis. The chosen locations mainly differ in the presence, and lack of, a fringing reef, as well as the extent of urban infrastructure nearby.



The wave-induced currents and grain size variation in the sediments are described, along with the land use spatial distribution and their associated beach profiles. For each location, two scenarios were modelled using the wave climate results for the northern Mexican Caribbean for: a) prevailing wave conditions with H = 1.0 m, T = 6.0 s and ESE direction (θ = 112.5°), and b) extreme conditions with H = 3.0 m, T = 8.0 s and NNE direction (θ = 22.5°).



3.2.1. Case Study 1: Cancun


For Cancun, the land use, distribution of sediment grain size and wave induced currents, with their velocity, magnitude and direction, are shown in Figure 5. In Figure 5a land use and bands showing grain size variations are shown, while Figure 5b shows currents induced by prevailing waves, and Figure 5c shows these currents in extreme waves.



The southern section of the beach in Cancun (~21.04–21.06° N) has the coarsest sediment found in the case study (Figure 5a). Another area with coarse sediment is the central part of the barrier island (~21.10° N). A proxy of sediment transport paths can be inferred, as they normally run from areas of coarse material towards zones with finer sediments, resulting in a south-north direction in the north of the beach (~21.10° N to ~21.13° N) and a north-south direction in the south of the beach (~21.04° N to ~21.06° N). This observed sediment transport path is closely related to the wave-induced currents under prevailing conditions (Figure 5b), where the magnitude along the barrier island (~0.05 m/s) increases close to the shoreline and at the nearshore, allowing the settlement of coarse particles (>0.600 mm), according to the Hjulström curve. Under extreme conditions, there is a dominant north-south direction along the barrier island with velocities >0.20 m/s (Figure 5c) that, based on the Hjulström curve, might lead to erosional processes which might modify the prevailing sediment distribution in the area. It is worth noting that, although the wave-induced currents are small, even under extreme conditions (<0.3 m/s), they can still induce transport and erosional processes for the grain sizes found in the study area.



The medium and coarse sands observed in the south of the barrier island (D50 > 0.40 mm) are among the coarsest sand samples in the northern Mexican Caribbean. This could be linked to the wave-induced currents, but also to the possible degradation of a lithified Pleistocene dune located at ~21.06° N, that extends over the Nichupte Lagoon, and that could be submerged seaward (Figure 5a). Between the two areas of coarse sediment on the barrier island, there is an area of finer material near to a coastal dune (Playa Delfines), This material is of the finest grain size found in the study area with D50 = 0.154 mm and D50 = 0.169 mm at the dune crest and the berm, respectively. This sediment is possibly becoming a reservoir that can be transported to other beach segments under extreme wave conditions.



Sediment and macroalgae are the main bottom cover on the submerged beach of the barrier island of Cancun. The coarse sands found here are linked to intense currents very close to the shoreline, where most of the wave-energy dissipation and continuous high turbulent velocities due to wave breaking are expected to occur. At ~21.11–21.13° N, under extreme conditions, the velocity magnitude increases close to the shore, with velocity magnitudes of >0.05 m/s spreading seaward, over patches of sediment interspersed with areas of macroalgae. There are low velocity magnitudes (<0.010 m/s) over the sediment and macroalgae in front of the barrier island (Figure 5) where the greater water depth lessens the impact of the waves.



The wave-induced currents around Punta Nizuc flow southwards due to the diffraction of the waves by the rocky point. The higher velocities develop close to the corals, possibly related to turbulence and wave breaking. In the reef lagoon south of Punta Nizuc, velocity magnitudes of ~0.010 m/s develop over a wide area of backreef, induced by the shallower water in the reef lagoon. Finer sediments in the shoreline were found as the velocity magnitudes decrease over the shoreline. Mangroves coincide where there is finer sediment and where seagrass communities are also found.



In the northern part of the beach of Cancun, the dominant bottom covers are seagrass and sedimentary deposits, which give rise to submarine dunes. Over these, in prevailing conditions, velocity magnitudes (<0.05 m/s) increase, especially at 21.15–21.18° N, induced by the shallower waters. Sediment size is greater at the nearshore (D50 > 0.800 mm), and finer sediment is found in the backshore. This area coincides with the development of seagrass meadows and macroalgae patches. The wave-induced currents from Punta Cancun, with a W-E direction, follow the longitudinal direction of the submarine dunes over the seagrass areas. This effect is also seen in extreme conditions, with the wave-induced currents being more intense at the transition between areas of seagrass and sediments. This is because the sedimentary deposits lie at depths about 1 m less than where seagrass meadows are found. It is important to mention that the wave propagation model does not consider wave energy attenuation from seagrass meadows, nor from coral reefs, so that the currents reaching the coast could be less strong than those indicated by the model.



Isla Mujeres is located near the northern beaches of Cancun (Figure 1). This island provides shelter from wave effects, thereby decreasing the intensity with which sediment is transported. In the long term, this protection may have created the conditions that explain why the northern part of Cancun has shallower waters, as it produces a less dynamic area, where sediment can be deposited. Nowadays, wave diffraction-refraction processes could lead to the wave-induced currents observed in Cancun’s northern beaches. Similarly, the island could induce the conditions needed for the establishment of seagrass meadows—waters with low turbidity, sheltered from waves. Once they have become established, seagrasses decrease wave power and current energy, increase sedimentation and fix bottom sediments, due to the structure of their leaves, roots and rhizomes [6,58,59]. The protected conditions of the northern beaches could also explain the reduction in grain size compared to that of the barrier island.



The beach profiles are shown in Figure 6 and Figure 7, where the distribution of coastal ecosystems, their segmentation, and land use in the north of Cancun (NC), and on the barrier island (BI), are detailed.



The anthropised areas in the subaerial profiles are about 210–235 m in width. The maximum anthropised width is ~424 m, at NC02, limited by terrestrial or marine water bodies and occupying the entire subaerial portion of the profile. On the barrier island, the maximum extent of anthropised areas is ~344 m, also limited by water bodies.



The profiles for northern Cancun (NC01 to NC08) show mangroves and seagrass communities. The latter are present in all the submarine profiles, covering 8.4–52.1% of the profile length. There are no coral structures in the northern part of Cancun, nor in front of the barrier island, although south of Punta Nizuc, there is a coral reef community (Figure 5a). Off the barrier island, macroalgae covers 10.7–38.3% of the profile length, in combination with marine sediments (6.1–54.3%), and there are no seagrass meadows. Here, an average 35% of the profile length is marine sediments, but these could cover up to 2064 m of the sea bottom, as at BI03. It is worth noting that the presence of macroalgae on the seabed in front of the barrier island occurs at depths of over 10 m, except at profile BI11 (Punta Nizuc). Therefore, the drag and roughness effects of macroalgae on wave propagation are limited.



The data show that the subaerial landscape of Cancun barrier island is dominated by anthropised areas, mangrove ecosystems and water bodies. However, this barrier island was entirely composed of dunes prior to the large-scale tourist development of the 1970s, which practically eliminated dunes [34], leaving traces of the dune field [10]. Prior to the urbanisation, eroded beach sediment used to be recovered from dunes following extreme meteo-oceanographic conditions, a natural process that cannot occur nowadays [34].



Almost all the coastal profiles at Cancun show sandy beaches, except NC03 and NC05. The beaches are 17.4 m wide, on average, in the north, and 45 m wide on the barrier island, with a maximum, BI09, of 65.9 m, where the only existing coastal dune is found and the greatest grain sizes (Playa Delfines). South of BI09, towards Punta Nizuc, the profiles also show mangrove areas, similar to the north of Cancun, with an average extent landward of ~170.5 m (i.e., ~34.1% of the subaerial landscape analysed). These mangrove areas are part of the Bojorquez–Nichupte lagoon system (Figure 1b). The connection between the lagoon and the sea is now limited to two rigidised inlets, meaning that the connectivity between the mangrove and the coastal zone, as well as the sediment balance once offered by intermittent inlets, has been drastically modified [34].



The characteristic beach profiles obtained for northern Cancun (Figure 6b and Figure 8a) and the barrier island (Figure 7b and Figure 8b) differ in their morphology and the ecosystems found. For the north of Cancun, the profile is mainly wide areas of shallow waters (h < 10 m at 0 < DCS < 4 km) where seagrass meadows predominate at cross-shore distances of 0–2 km, with marine sediments beyond. The effect of the shallow water contributes to the slight increase in wave-induced velocities here (~0.05 m/s). On the other hand, the subaerial profile for the barrier island is anthropised, and limited by the Nichupte Lagoon. The submarine part of the profile shows rapid deepening, with water depths of >10 m at a cross-shore distance of 500 m from the beach. Sandy beaches are found close to the shore, then marine sediments up to a cross-shore distance of ~950 m, beyond which there are macroalgae ecosystems.




3.2.2. Case Study 2: Puerto Morelos


Figure 9 shows the sediment grain sizes, land use and wave-induced currents for prevailing and extreme wave conditions along the Puerto Morelos coast. The effects of the nearby fringing reef are clear, with substantial changes in grain size, wave-induced currents and ecosystem distribution.



The highest velocities, >0.200 m/s, are where coral reef formations and coral debris are found, independent of wave conditions. Other areas with high velocities are seen where there is no reef, such as Punta Brava, where there is also an increase in the sediment grain size, D50 > 0.750 mm. Near to the town of Puerto Morelos, the backreef lagoon is narrower and the sediment grain size is greater at the nearshore. In the lee of the reef, seagrass communities and macroalgae are found, along with unvegetated areas of finer sediments, D50 < 0.400 mm. To the south, there are areas of submerged sediment where the velocity magnitude is low, less than ~0.005 m/s. In general, the unvegetated areas are not sheltered by reefs, but velocity magnitudes are low, which favours sediment deposition.



North of the town there is a wider area between the reef and the shore, where the velocity magnitudes are > 0.010 m/s. The sea bottom is mainly covered by seagrass and sediments (Figure 9a). Like northern Cancun, and in the reef lagoon south of Punta Nizuc, these velocities are lower than those impacting the shoreline where there is no wave protection from coral reefs (Figure 9b,c).



At open beaches, without reef protection (Figure 9a), there are large areas covered by macroalgae, similar to the beaches along the Cancun barrier island (Figure 5a). Macroalgae settle in areas of low velocity magnitudes, <0.005 m/s in prevailing conditions (Figure 9b) and <0.050 m/s in extreme conditions.



In prevailing conditions, the wave-induced currents are perpendicular to the coral reef barrier. However, a longshore current is seen, close to the shoreline, with a north-south direction. The longshore current continues south to Punta Brava in both prevailing and extreme wave conditions. South of Punta Brava, in extreme wave conditions, a small area covered by coral debris and octocorals induces a very complex pattern of wave-induced currents, although the direction is predominantly southward.



In Puerto Morelos the extensive mangrove forests have no direct connection with the sea [60], which means that they do not directly influence the size of the sediment found on the beach. In the reef lagoon the small sediment grain size (D50< 0.300 mm) is probably due to the seabed being covered by seagrass communities that are protected by the reefs (Figure 9).



The coastal profiling results for Puerto Morelos are given in Figure 10. In every profile all the ecosystems are represented, except for P10 in the southernmost part of Puerto Morelos, close to Punta Brava, where macroalgae is predominant. Mangrove forests cover ~5–12% of the length of each profile, about 275 m of the subaerial landscape. Inland, the mangrove area is almost continuous in all the profiles, only disrupted by anthropised areas, in general, with a cross-shore distance 0 < DCS < 300 m. In profiles P01-P08, the anthropisation lies next to the beach, with no buffer area (Figure 9a). Profiles P03 and P05-P07 have most anthropisation, ~200–310 m of the profile length, representing ~40–60% of the subaerial profile.



The dune ecosystem is minimal, 9.8 m on average, mainly in the south (P09 and P10), where it extends for up to 50 m. The foredunes at Puerto Morelos are ~4 m high and degraded in many areas due to the construction of infrastructure [33]. In contrast, all the profiles have sandy beaches, with an average width of ~17 m, increasing to 30–50 m northward, except for P08, where there are structures protecting the port infrastructure.



In the marine section of the profiles, macroalgae bottom cover predominates, with an average coverage of ~930 m, although in the south, macroalgae covers up to ~3050 m (P10). Marine sediments are common in the south, as shown in P07 to P09, providing an average coverage of ~465 m and reaching cross-shore distances of up to ~1110 m.



The seagrass communities are mostly between P02 and P07, with ~420 m on average, reaching a maximum in P02 and P03 of ~1 km. In contrast to the macroalgae ecosystems, seagrass communities are almost continuous, as can be observed in most of the profiles (e.g., P02 and P03). Coral reef structures, coral debris and octocorals cover distances of ~390.4 m on average, with octocorals being the most common, especially in P01 and P03, where they cover a cross-shore distance of up to 540 m. The fragmentation of the ecosystems is more pronounced in profiles P01, and P07 to P09 (close to the port), being usually interspersed with seagrass, corals and marine sediments. These profiles have the greatest land use segmentation with ~71–75 interwoven patches of different ecosystems, marine sediments and macroalgae being the most common.



The characteristic profile for Puerto Morelos is shown in Figure 10b and Figure 11. The subaerial landscape is mainly composed of mangroves. Anthropised areas limited by the beach are the second most common land use (Figure 11). There is a narrow band of sediments, ~30 m, seaward from the shoreline, with a grain size of D50≈0.30 mm, interspersed with areas of macroalgae and occasional seagrass patches. Seaward of DCS = 175 m, a continuous area of seagrass communities predominates, but with segments of marine sediments and macroalgae intercepted. Beyond DCS = 880 m, the predominant environment is macroalgae, interrupted by octocoral segments at 1650 < DCS < 1850 m, over the forereef, at water depths of 10 m. It is worth noting that coral debris and coraline structures form a mound in almost all profiles landward of the forereef (Figure 10a).






4. Discussion and Concluding Remarks


The dynamics of any coast involve a complex exchange of matter and energy that comes from continually changing ecological-geomorphological linkages. When evaluating the sedimentary characteristics of the northern Mexican Caribbean coast, it has been possible to verify that, on a large spatial scale, the sedimentary flow is from north to south. However, at local scale, the evaluation of detailed coastal dynamics, characteristics of coastal ecosystems (types and extent) and land uses is essential to understand the complex and interconnected relationships between these factors and local geomorphology.



The evaluation of case studies at a local level has shown that coastlines that are hydrodynamically protected by islands or coral reefs have shallow, flatter profiles created by sedimentation. This protection also contributes to the development of seagrass meadows. The interconnectivity between coral reefs and seagrasses is recognised: coral reefs dissipate the force of currents and wave energy through breaking and bottom friction [61], creating a suitable environment for seagrass. In turn, the seagrasses control turbidity and nutrients, providing water conditions that encourage the growth of coral reefs [62]. Since seagrasses also attenuate currents and waves, sediment particles are deposited in the reef lagoon, so that, over time, a shallow area develops that further contributes to wave attenuation [63]. This condition has been verified in Puerto Morelos. As a consequence, backshore/foreshore sediments are finer (~0.2–0.3 mm), dry beaches are narrower (~17 m) and more stable [44], with smaller foredunes [10] than nearby areas without this protection. In the study area north of Cancun, despite not presenting a barrier reef but with the protection of Isla Mujeres, similar geomorphological characteristics have been found, mainly due to shallow and flat nearshore, dominated by seagrasses. In these study cases, the characteristics of the profile are related to coastal ecosystem development. However, despite the extensive mangrove areas in Puerto Morelos, they seem not to be linked to hydro-sedimentary dynamics. This is because they are basin forest mangroves, a very specific type of mangrove that are not directly connected to the coastal zone [23,60]. For a better understanding of these relationships and their influence on the morphodynamics of the beaches affected by the ecosystems, the different values of bottom friction should be included in hydrodynamic models, depending on the various bottom covers (reef, sediment, seagrass, algae), so advanced models capable of making this type of evaluation are recommended.



On the other hand, beaches unprotected by seagrass and coral reefs, as found on the barrier island of Cancun, have large grain sizes (D50~0.4 mm), wider beaches (~45 m) and have high dunes. These conditions are associated with steep, deep coastal profiles dominated by interspersed segments of sediment and macroalgae. Since macroalgae induce little wave friction and turbulence, their effect on reducing sediment transport is limited, as well as their capacity for sediment retention [43]. In these cases, the characteristics of the beach profile basically depend on the characteristics of the available sediment and the energy of the waves [64]. Foredunes are important ecosystems, especially on the exposed beaches, as they act as a buffer to flooding and coastal erosion, as well as serving as a sediment reservoir. However, the degradation of these ecosystems, seen most clearly on the barrier island of Cancun, means that this environmental service has been lost. Building on the dune area of exposed beaches interrupts the dynamic interaction between the dunes, beach and foreshore. As a result, the coastal profile steepens, the sediment coarsens, the habitat for seabed vegetation deteriorates, the wave attenuating effect of the vegetation vanishes, the coast becomes more exposed, and vulnerability to extreme wave climate events increases, developing into a vicious cycle of environmental deterioration that directly impacts human activities and livelihoods.



The northern Mexican Caribbean coast is exposed to both natural and human disturbances that affect the spatial distribution of sediments, hydrodynamics and ecosystem health, which shape the coastal landscape. This area is predominantly urban, with anthropogenic pressures on the environment, often fractioning subaerial ecosystems (e.g., coastal dunes), submerged aquatic vegetation and coral reefs. Water pollution, infrastructure development or water-based tourism activities are among the pressure drivers in the region [10,41,65]. These cause the coastal ecosystems to be unable to perform their primary functions, reducing their resilience in episodic or chronic events, and thereby decreasing their capacity to protect the coast, and increasing their vulnerability to extreme events and climate change [66,67]. For example, the artificial beach nourishments in Cancun have affected grain size distribution there. According to the analysis of the large sediment samples collected, no changes to sedimentary or environmental features over time were seen. However, the information presented might serve as a baseline for future comparisons.



Global and local changes in frequency, persistence and intensity of atmospheric and marine conditions seem to be outpacing the adaptive capacity of ecosystems. A growing storm number was identified for the northern Mexican Caribbean; therefore, further study is recommended to strengthen the analysis of wave conditions at locations near to the region and indices that reflect anomalies in climate patterns. In tropical coastal zones, long periods of calm allow ecosystems to establish, recover and mature, while extreme-event-induced pulses allow species turnover and simultaneous hydrodynamic interconnection of neighbouring ecosystem. Through the morphodynamic study of two beaches on the Mexican Caribbean that are close geographically, but have very different environments, it is possible to highlight the strong interrelationships between hydrodynamics, land use and sedimentation processes.



Through the use of information associated with sediment characteristics and land use (e.g., coastal ecosystems, human occupation data), spatial and cross-sectional representations of the study area of these three-dimensional connections and anthropogenic pressures have allowed us to identify trends in the coastal dynamics that may improve the coastal management of the beaches studied. Continuous monitoring might provide hard evidence of spatial and temporal changes in coastal dynamics, hydro-sedimentary processes, and the effects of natural and human disturbances [68]. Long-term monitoring of wave climate conditions, sediment and environmental changes is important, as seen in Cancun, where changes in the grain size distribution testify to the human intervention from beach nourishments following Hurricane Wilma in 2005.



Finally, tourism in the Caribbean is based on the sun, sea and sand concept. Its sustainability is dependent on the health of the ecological environment and the balance between anthropised areas and open beaches. Therefore, the use of green infrastructure for adaptive coastal management must be based on an understanding and diagnosis of the state of the interconnections of these ecosystems.
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Figure 1. (a) Study area in the state of Quintana Roo, Mexico, and location of sand sampling sites. (b) Transects for coastal ecosystem profiling, sand sampling sites and surrounding Natural Protected Areas at the case study locations of Cancun and Puerto Morelos. 
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Figure 2. Cumulative grain size distribution and microscope images (1 mm grid) of sand samples at Cancun (21.172913° N, 86.805336° W) (a) before and (b) after the 2005 beach nourishments in that area following hurricane Wilma. 
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Figure 3. Grain size variations for the different beach profile sections: (a) BS, (b) FS and (c) NS. The zero-reference point DLS is at 21.24112° N, 86.80213° W, with DLS values increasing parallel to the coast and in a southerly direction. (d) Histogram for the grain size distribution for the different parts of the profiles for all the sample sites. 
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Figure 4. Wave rose diagrams for incident waves in (a) prevailing and (b) extreme conditions. (c) Bivariate histogram of HS and TP for wave climate conditions from ERA5 at 21.0° N, 86.5° W. 
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Figure 5. Results for Cancun showing (a) land use and variation of the sediment grain size (D50). Sediment grain size variation is shown for a 150 m width strip along the shoreline, with sand samples from the backshore, nearshore and foreshore zones. Speed and direction of wave-induced currents are also shown for (b) prevailing [HS = 1 m, TP = 6 s, θ = 112.5° (ESE)] and (c) extreme conditions [HS = 3 m, TP = 8 s, θ = 22.5° (NNE)]. 
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Figure 6. Beach profiles in northern Cancun, extending from 500 m inland, and up to 4 km seaward. The shoreline is located at a cross-shore distance DCS = 0 m. The profiles (a) are numbered as in Figure 1. The land use for northern Cancun (b) corresponds to profiles NC01-NC08. 
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Figure 7. Beach profiles at the Cancun barrier island, extending from 500 m inland, towards a water depth of 20 m. The shoreline is located at a cross-shore distance DCS = 0 m. The profiles (a) are numbered from north to south as in Figure 1. The land use on the Cancun barrier island (b) corresponds to profiles BI01-BI11. 
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Figure 8. Schematisation of the distribution of coastal environments and characteristic coastal infrastructure at (a) northern Cancun and (b) the barrier island of Cancun. 
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Figure 9. Results for Puerto Morelos showing (a) land use and variation of the sediment grain size (D50). Sediment grain size variation is depicted over a strip of 150 m width along the shoreline considering sand samples at the backshore, nearshore and foreshore zones. The speed and direction of wave-induced currents is also shown for (b) prevailing [HS = 1 m, TP = 6 s, θ = 112.5° (ESE)] and (c) extreme conditions [HS = 3 m, TP = 8 s, θ = 22.5° (NNE)]. 
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Figure 10. Beach profiles at Puerto Morelos (PM), extending from 500 m inland, towards a water depth of 25 m. The shoreline is located at a cross-shore distance DCS = 0 m. The profiles (a) are numbered from north to south as in Figure 1. The land use at Puerto Morelos (b) corresponds to profiles P01–P10. 
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Figure 11. Schematisation of the distribution of coastal environments and characteristic coastal infrastructure at Puerto Morelos. 
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Table 1. Grain size (D10, D50 and D90), density, shape factor and sphericity for the sand samples from the study area.
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Regional Results

	
a Case Studies




	
Variable

	
Min.

	
Max.

	
Mean

	
Std. Dev.

	
Cancun

	
Pto. Morelos






	
Grain size, D10 [mm]

	
0.050

	
0.727

	
0.219

	
0.106

	
0.254

	
0.214




	
Grain size, D50 [mm]

	
0.093

	
1.433

	
0.391

	
0.200

	
0.451

	
0.368




	
Grain size, D90 [mm]

	
0.196

	
4.754

	
0.875

	
0.702

	
0.992

	
0.754




	
Density [kg/m3]

	
1632

	
3232

	
2443

	
324

	
2565

	
2393




	
Shape factor, SF = b/L [-]

	
0.653

	
0.744

	
0.692

	
0.018

	
0.693

	
0.693




	
Sphericity, SPHT [-]

	
0.679

	
0.897

	
0.831

	
0.029

	
0.836

	
0.832








a The values provided correspond to the mean values of each variable in the case study areas.
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Table 2. Mean and maximum wave height during extreme wave conditions, storm duration and number of storms for every five-year period.
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Period

	
Wave Height

	
Storm Duration [h]

	
Number of Storms




	
HS-AV [m]

	
a HS-Max [m]

	
Mean

	
a Min

	
a Max

	
Mean

	
a Min

	
a Max






	
1980–1985

	
2.03

	
7.43 (1980)

	
35.2

	
31.4 (1984)

	
39.3 (1981)

	
19.8

	
14 (1982)

	
25 (1980)




	
1985–1990

	
2.04

	
11.28 (1988)

	
35.5

	
29.0 (1985)

	
41.3 (1989)

	
19.8

	
14 (1986)

	
26 (1988)




	
1990–1995

	
2.04

	
4.02 (1991)

	
39.0

	
31.4 (1992)

	
44.0 (1990)

	
17.0

	
14 (1992)

	
22 (1990)




	
1995–2000

	
2.06

	
5.69 (1995)

	
46.3

	
31.3 (1995)

	
55.2 (1999)

	
22.0

	
14 (1997)

	
28 (1996/1998)




	
2000–2005

	
2.03

	
7.13 (2004)

	
36.6

	
30.5 (2001)

	
45.5 (2004)

	
21.6

	
19 (2000)

	
28 (2001)




	
2005–2010

	
2.08

	
10.67 (2005)

	
38.7

	
31.9 (2007)

	
44.1 (2008)

	
23.6

	
21 (2006)

	
27 (2007)




	
2010–2015

	
2.02

	
4.28 (2014)

	
34.2

	
31.9 (2013)

	
37.4 (2012)

	
22.2

	
17 (2011/2012)

	
33 (2010)




	
2015–2020

	
2.03

	
3.71 (2018)

	
37.7

	
26.7 (2016)

	
53.4 (2015)

	
21.8

	
17 (2019)

	
29 (2016)




	
Average

	
37.9

	
30.5

	
45.0

	
21.0

	
16.3

	
27.3








a The year of occurrence is given in parentheses.
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Table 3. Characteristics of land use in the northern Mexican Caribbean.
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a Variable

	
Northern Region

	
Anthropized Areas in the Northern Region




	
Cancun

	
Pto. Morelos

	
Pl. del Carmen

	
Akumal

	
Tulum






	
Inhabitants

	
total

	
818,876

	
630,959

	
9188

	
149,923

	
1310

	
18,233




	
per km

	
(3276)

	
(19,842)

	
(1021)

	
(17,848)

	
(293)

	
(5881)




	
Human settlements

	
ha

	
17,313

	
11,803

	
186

	
3543

	
36

	
386




	
ha/km

	
(69)

	
(371)

	
(21)

	
(422)

	
(8)

	
(125)




	
Mangrove

	
ha

	
22,544

	
3153

	
1055

	
212

	
41

	
29




	
ha/km

	
(90)

	
(99)

	
(117)

	
(25)

	
(9)

	
(9)




	
Coastal dune

	
ha

	
1719

	
27

	
15

	
8

	
---

	
0.1




	
ha/km

	
(7)

	
(1)

	
(2)

	
(1)

	
---

	
(0.0)




	
Seagrass and macroalgae

	
ha

	
33,327

	
4381

	
1222

	
642

	
203

	
254




	
ha/km

	
(133)

	
(138)

	
(136)

	
(76)

	
(46)

	
(82)




	
Coral reefs

	
ha

	
4589

	
123

	
237

	
47

	
51

	
50




	
ha/km

	
(18)

	
(4)

	
(26)

	
(6)

	
(12)

	
(16)








a Hectares (1 ha = 10,000 m2) and the density in hectares per kilometre of coastline (ha/km).
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