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Abstract

:

Tropical sandy beaches provide essential ecosystem services and support many local economies. In recent times, however, there has been a massive infrastructure expansion in popular tourist destinations worldwide. To investigate the shoreline variability at a popular tourist destination in Mexico, we used the novel semi-automatic CoastSat program (1980 to 2020) and the climate dataset ERA5 (wave energy and direction). We also measured the beach cross-shore distance and the foredune height with topographic surveys. The results indicate that the section of real estate seafront infrastructure in the study site presents a considerable shoreline erosion due to the fragmentation between the foredune ridge and the beach berm, based on the in situ transects. Moreover, foredune corridors with cross-shore distances of up to 70 to 90 m and dune heights of 8 m, can be seen in the short unobstructed passages between buildings. In the south section we found the coastline in a much more stable condition because this area has not had coastal infrastructures, as of yet. For the most part, the remote sensing analysis indicates constant erosion since 1990 in the real estate section (mainly seafront hotels) and an overall accretion pattern at the unobstructed beach-dune locations. This study demonstrates the catastrophic consequences of beach fragmentation due to unplanned real estate developments, by combining in situ surveys and a freely available big-data approach (CoastSat).
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1. Introduction


Although the extension of coastal zones—areas less than 10 m above sea level—represents a small fraction (~2%) of the world (i.e., 1.6 million km), they are home to almost half of the world’s human inhabitants, with a much higher population density than in inland areas [1]. The location of nearly two-thirds of worldwide megacities is found within 60 km of the coastlines, representing an enormous economic value for commercial activities, such as maritime transportation, fisheries, and tourism [2]. For instance, 80–90% of the global trade within these cities is carried out in harbors [3]. Moreover, by 2030, the coastal economy will grow to nearly three trillion US dollars, with considerable contributions from harbor activities and international tourism. Despite their economic relevance, current estimates suggest that coastal populations will become increasingly dense, and this will inevitably aggravate the vulnerability to anthropogenic impacts on coastal areas if proper management and law enforcement are not encouraged [4]. So far, the most common human repercussions on coastal regions have been poor land-use planning, e.g., coastal development projects [5] and geomorphological alterations [6], which have ultimately led to habitat degradation. Furthermore, natural events, such as hurricanes, tsunamis, storm surges, and the persistent sea-level rise, will eventually exacerbate the negative consequences of anthropogenic activities on coastal regions (e.g., beach erosion, increase in the inundation area, and ecosystem degradation) [7].



Open sandy coasts are dynamic environments comprising up to 40% of the length of the global coastal zone. As expected, this type of shoreline is essential for the tourist industry, especially in tropical and subtropical locations [8]. Physical processes such as waves, littoral currents, storm surges, and wind stress influence sandy coasts due to geomorphology. At the very least, these factors modify the sediment distribution and thus affect the geomorphological structure of the shoreline [9]. For instance, foredunes (i.e., longitudinal sand formations) are a standard indicator of the amount of sand accumulation on the beach, making these coastal features essential for beach preservation, as they provide constant sand transportation and prevent erosion [10]. However, coastal infrastructure projects, such as real estate seafront developments, tend to be built on foredunes, setting off sandy beach erosion due to beach fragmentation. Consequently, the coastline retreat is a growing threat of global interest since it affects numerous urbanized beaches where real estate is of high purchasing power, and buildings face the danger of collapse [1]. It has been estimated that up to 70% of sandy beaches worldwide show a degree of continuous erosion. These erosion rates will likely increase, considering the projected variations in the sea level rise and storm surge intensity [11].



Given the problems associated with the coastline infrastructure, protection structures along coastlines are a common approach to diminish erosion and flooding [12]. However, these artificial defensive structures, such as breakwaters (shore-parallel), seawalls, and groins (shore-perpendicular), usually cause even more damage to the surrounding areas [9]. For instance, coastal constructions in front of resorts (seawalls) act as a barrier that inhibits sediment transport and thus leads to narrower beaches with a steeper slope, ultimately causing massive erosion [13]. Another aspect with tremendous implications for these defensive structures is the coastal hydrodynamics involved, such as wave refraction and currents [7]. For instance, groins abduct sediment transported along the coastline, thus affecting beach extension and sand distribution, i.e., erosion on one side and accretion on the other. Conversely, breakwaters decrease wave energy and tend to increase sand deposition. Overall, the collapse of coastal infrastructures is a consequence that was induced by the inadequate planning of coastal land use in the past, mainly owing to the lack of scientific knowledge regarding coastal hydrodynamics and sediment transport, which will eventually cause the complete loss of the recreational value of sandy beaches [14].



To deal with these problems, monitoring, understanding, and predicting coastline dynamics are of vital interest to the public and private sectors [15]. There are two ways to detect the morphological changes in the beach: (i) using topographic techniques in the field and (ii) analyzing the change rates of the coastline, by means of remote sensing and geographic information systems (GIS) [16]. Advancements in field topographic techniques have facilitated the task of monitoring beaches; however, these in situ methods still require trained personnel and are both time-consuming and expensive [17]. Still, if available, they produce data with a higher accuracy. Nonetheless, the salty atmospheric environment caused by waves often produces irreparable failures in electronic instruments in the field [18]. Moreover, in areas where windy conditions are the norm, the sandy beaches of volcanic formations generally have magnetic minerals in the sand, which damage the electrical system or even negatively affect the data recording. Furthermore, previous studies and on-site measurements have been non-existent or unavailable to the public in most tourist destinations with a considerable real estate value (hotels, resorts, etc.). So, the question of when the coastal erosion process began, in most scenarios, has not been fully answered.



The use of cost-effective remote sensing technologies could overcome these limitations by enabling the systematic and global study of coastal areas under adverse environmental conditions [19]. Remote sensing archives could thus provide an effective tool for assessing how coastal geomorphology was in the past. Over the last decades, a considerable number of research studies have monitored sandy beaches with data from remote sensors [18]. Satellite platforms can effectively monitor the coastal zone globally because each image can cover large areas with an acceptable spatial resolution. In addition, remote sensing data could calculate shoreline change rates by overlapping the multi-temporal data, due to their worldwide digital access. For instance, the Landsat program, launched in 1972, has been the longest-running space mission to acquire satellite images of the earth’s surface [20]. Yet the detection of the shoreline position may be affected by uncertainties, such as the tidal range during image acquisition and sensor spatial resolution [21].



We hypothesized that the cross-shore distance and dune height from the field survey are directly related to the accretion and erosion patterns derived from the historical semiautomatic analysis of CoastSat data. We tested this hypothesis by studying a multi-decadal analysis of the coastline variability between a conservation area and a real estate seafront development zone, by means of topographic surveys, remote sensing data, novel cloud computing software, and GIS techniques.




2. Materials and Methods


2.1. Study Area


Mexico is a country with a coastal extension of ~12,000 km, covering the Pacific and Atlantic oceans. Such extension, which includes the unique Gulf of California and the Caribbean Sea, has allowed the development of a widespread network of coastal tourist destinations, such as Cabo San Lucas, Puerto Vallarta, and Cancun. Mexico is currently listed among the top eight places by tourist arrivals, representing a net 9% of the national GDP [22]. However, it is common to find uncontrolled seafront real estate expansions with catastrophic implications for the environment [23]. The city of Mazatlan is a traditional and cultural destination located along the Pacific coast of Mexico on an alluvial plain in the state of Sinaloa (Figure 1). The climate is hot semiarid (BSh), with a mean annual air temperature ranging from 24 to 28 °C and a total precipitation between 900 to 1300 mm [22]. Mazatlan has approximately 24 km of sandy beach deposits, and the local tide is semi-diurnal with a maximum amplitude of 1.8 m. The environmental conditions represent the main coastal tourist attraction, reflected in an overwhelming 48% of the city’s GDP [23]. Mazatlan has a population of a little over 500,000 inhabitants and an official infrastructure of 181 hotels [22]. Mazatlan, as well as many other touristic destinations in Mexico, presents many challenges regarding environmental conservation. For instance, there has been little interest in conserving natural areas, such as the mangrove forests and the coastal foredune vegetation, to prioritize urbanization. The implications of the uncontrolled constructions commonly found on the beach are severe, as they decrease the coastal ecosystem services.




2.2. Beach Profiles Survey


We divided the coastline of Mazatlan into four sections (Figure 1). From north to south, the first section (red) corresponds to the area from the Cerritos Beach to the marina, with its sparse seafront resorts. The green circles depict a heavily dense area surrounded by real estate seafront buildings. The purple circles indicated the Mazatlan bay section, characterized by a long concrete oceanfront corridor constructed on top of the original foredune without seafront resorts. Finally, the southern region (yellow) has a minor infrastructure along the first two km from the harbor entrance. From this point on, most of the sandy beach does not have any coastal infrastructure until the last section, where there is a major seafront resort. However, due to its attractiveness regarding the beach extension and the closer connection with the international airport, future real estate projects are now being considered for this section of the Mazatlan shoreline.



The northern section of the study area (red, green, and purple circles) has an extension of 13.4 km, while the southern one (yellow circles) is 12.5 km long. During the harbor construction, the two islands at the entrance (Stone Island and the natural lighthouse) were connected with breakwaters (~1 km long by ~100 m wide). These breakwaters act as sediment traps and do not allow a connection between both sections of the coasts.



In each area, we measured the cross-shore distance and dune height at every 200 m by means of a STABILA LD 420 laser distance meter, topographic levels, and 10-m high folding staffs [10]. In some situations, it was not possible to obtain profiles at every 200 m due to the large stretches of completely eroded beach. Hence, the loss of electronic equipment was very likely because of the direct impact of the waves on the walls of the hotels.




2.3. Remote Sensing Data Obtention and Image Analysis


We obtained historical shoreline positions by using CoastSat, which is a more objective, robust, and repeatable toolbox in Phyton, developed by Vos et al. [24], to improve the shoreline detection from the satellite image collections of Landsat-5 (1986–2010), -8 (2015), and Sentinel-2 (2020), available on the Google Earth Engine platform. The CoastSat toolbox provides a classification algorithm based on neural networks specializing in separating water, white water, and sand. As a matter of fact, CoastSat allows a better discrimination of elements that can generate false identifications, such as the interface between land and sea [25]. This method allows the user to explore the catalogs of Landsat and Sentinel images and select those considered suitable for extracting coastlines with a sub-pixel resolution technique. In addition, we performed a visual review to avoid including other irrelevant features in case they were present in the images.



CoastSat creates user-defined transects with start-end coordinates, or by drawing them manually, to appreciate the variations in the positions of the lines over time. However, we did not use this module and resorted to the Digital Shore Analysis System tool (DSAS) instead to provide robustness for a systematic analysis along the entire length of the coastline.



We stored the obtained coastline data into a pkl file, which included the coordinates, dates, the RMSE (geometric residuals in the transverse and longitudinal directions), and cloudiness. CoastSat provides the RMSE from the Tiers 1 collection, by combining the geometric residuals in the transverse and longitudinal directions with the ground control points and digital elevation models to correct for displacements. We also created a geometric representation in the geojson format to visualize any geographic information system. We used the first two CoastSat components for both the north and south sections, to extract the coastlines, on an every-five-year basis, from the oldest available date (1986) until June 2020 (Table S1). The estimated mean sea level was determined using the semi-diurnal M2 tidal amplitude harmonic from freely available software (http://predmar.cicese.mx/programa/ accessed on 25 March 2021). The date and time of each satellite image were corrected using GMT-7 from the Mazatlan tidal station.



In as much as the objective was to identify the long-term processes (34 years) and reduce the biases due to effects such as tides or errors in identifying coastlines, we decided to work with the idea of average lines. For each set of lines (Table S1) in a given year, we obtained its average position using the v.centerline.py module implemented in the GRASS software [26]. This step was not possible in the case of the 1986 image in the northern section because only a single useful image was available. Based on the averaged coastlines, we carried out a segmented analysis in different periods (1986–1990, 1990–1995, 1995–2000, 2000–2005, 2005–2010, 2010–2015, and 2015–2020), using the DSAS v 4.4 module in ArcGis 10.5 [27]. In essence, the DSAS is a GIS tool that allows the construction of equidistant transects from a baseline [28]. The fact that these transects cross the different shorelines (i.e., vectors), allowed us to estimate the statistics, such as the net movement of the coastline (m) and the rate of change (m/year). We quantified the cross-shore distance changes through sequences of the transects with a 50-m separation. Although it is beyond the scope of this article to review the accuracy of different shoreline extraction methods, the following reviews could be helpful for the reader (e.g., [15,18,29,30]). To understand the oceanographic conditions at the time we obtained the images, we extracted and calculated the wave energy and the direction data from the ERA5 dataset produced by the European Centre for Medium-Range Weather Forecast, which provided hourly ocean conditions as of January 1980 at the offshore of Mazatlan.





3. Results


The first in situ cross-shore distance and dune height at the north section of the study area (0 to 4.3 km) represents a dichotomy between a conserved region with a dune up to 8–11 m high and a cross-shore distance between 60 to 90 m (Figure 2a), with relatively recent real estate seafront constructions with seawalls in front of the foredune (Figure 2b). The following section, which corresponds to the heavily dense resort area at the alongshore distance between 4.3 km to 8.5 km, presents beach erosion probably due to the construction of breakwaters and groins. In this sense, Figure 2c depicts a breakwater structure that has created a very narrow strip of up to 80 m on the beach. However, this type of defense array has resulted in an adjacent erosion pattern, leading to the common practice of constructing seawalls. In some locations, there is too much beach erosion, and the waves impact the resort wall directly, even at low tide (Figure 2d). Within the resort area, there is a small strip, less than 90-m wide at 8.8 km, which constitutes the only unconstructed location that shows the beach and foredune conditions as they originally were, with a maximum cross-shore distance of 90 m and a beach height of 4 m. The remaining section represented by the concrete oceanfront corridor does not display any apparent erosion (Figure 2e,f).



The south section of the study area shows different in situ cross-shore distances and dune height patterns when compared to the more developed northern region (Figure 3). A small cross-shore length of 70 m was recorded close to the groin at the entrance to the harbor (Figure 3a). We found only small individual houses 120 m from the shore within the first 2 km from the groin (Figure 3b). Overall, there are no coastal structures along the 10 km of beach, where it was possible to observe the maximum cross-shore distance (130 m) and the foredune corridor of 8 to 10 m height (Figure 3c), as well as the coconut plantations behind the foredune corridor (Figure 3d). We located only one seafront hotel in this area, at the southernmost part of the shoreline, where there is an abrupt decrease in the cross-shore distance (70 m) and in beach height (4 m).



Regarding the recorded direction of the historical wave energy of the coast of Mazatlan (ERA5), the overall southwest wave pattern did not change throughout the study period (1986–2020) (Figure 4). Moreover, we detected the highest values (3.3 kJ/m2) during hurricanes Roslyn (H1 1986), Rosa (H2 1994), Norman (H1 2000), Lane (H3 2006), Rick (H1 2009), and Willa (H3 2018).



The RMSE of the satellite data depends largely on the spatial resolution of the sensor. However, we detected a RMSE much smaller than the Landsat spatial resolution (30 m), with a maximum of 10.2 m and a minimum of 3.8 m (Table S1). In the case of the Sentinel-2 data with a spatial resolution of 10 m, the RMSEs were sub-metric (<1 m). The estimated mean sea level at the time of the image capture varied considerably because the sensor orbits were not linked to a particular tidal range. However, the tides in this area are semi-diurnal with a relatively smaller tidal amplitude than in other regions. In this sense, the variations between the mean sea level were less than 0.4 m, with some exceptions that reached 0.7 m and −0.5 m.



In the spatial examination, corresponding to the CoastSat and DSAS analyses, we obtained 271 and 349 transects for the north and south locations, respectively. Figure 5 shows the overall cross-distance change between 1986 and 2020 (upper map) and the net cross-shore distance for the seven periods (lower graphs). The overall cross-shore distance change indicated negative values (i.e., erosive processes) recorded between transects 56–70, 125–140, and 176–190, which are in front of resort buildings. The northernmost locations (transects 56–70) show historical shoreline erosion since 2005, which agrees with the date of construction of the seafront buildings. The second section (transects 125–140) shows shoreline erosion since 2000, and in the last section (transects 176–190), there has been shoreline erosion since 1990.



We recorded an interannual alternation between accretion and erosion patterns at the northernmost and southernmost regions between transects 1–40, 188–189, and 240–271, corresponding to conservation areas without infrastructure on the dune. However, we also detected other accretion areas near the breakwater and groins. This is the case of transects 89–90, 111–112, and 125–126, with accretion trends occurring in 1990–1995 and 2015–2020 (transects 89–90), 1990–1995 and 2000–2005 (transects 111–112), and 1990–1995 (transects 125–126).



Figure 6 shows the same variables as Figure 5 but in the southern section. Unlike the northern region, the transects with positive values (i.e., accretion processes) predominate in the overall balance (1986–2020), which is clear, during the 2015–2020 period. We recorded the highest cross-shore distance variability at transects 300–349, which corresponds to the ephemeral mouth of the Presidio River. We observed the most stable shoreline conditions (neither accretion nor erosion) at transects 1–11, representing the rock formation of the harbor. There is a general accretion pattern along the coastline from 1986 to 1990, except for the first transects (11–60). This pattern also occurred in the northern, more developed region during the same period, which, at this time, presented a very low real estate oceanfront infrastructure density. The situation changed in 1990–1995 when the southern conservation region continued to show a general accretion pattern, but the northern one now shows much more erosion. In this sense, Hurricane Rosa impacted both coastlines; however, it appears that the north area was more affected.




4. Discussion


It is now well known that alterations in sediment transport are the main cause of shoreline erosion and ecosystem degradation, on a global scale [6]. The eastern coast of the Gulf of California is no exception. Recent studies have reported enormous shoreline loss in this region, due to anthropogenic activities, such as the construction of hydroelectric dams [31], coastal infrastructure projects [32], aquaculture [33], and the unregulated expansion of economic activities, such as coastal urbanization [1]. Unfortunately, this situation has repeated itself in many popular tourist destinations around the globe. The results of our study revealed a substantial difference in the erosion and accretion patterns along a moderately small fraction of the coastline (26 km), but with contrasting shoreline characteristics. We found that the major causes of the historical erosion along the tourist city of Mazatlan are a combination of unplanned real estate construction facing the beach, the foredune and beach berm fragmentation, and the intensity and direction of the swell from tropical storms and hurricanes.



The southern shoreline section of Mazatlan is a clear example of beach conservation, mainly because there has been no coastal infrastructure development yet. Over the last three decades, the overall change in the cross-shore distance has led to a constant accretion of 50 to 70 m of sandy beach. This historical pattern agrees with the field survey, providing on-site information about the original foredune and beach berm conditions with a maximum cross-shoreline distance of up to 130 m and a dune height of 8 to 10 m. These results are disparate, compared to the beach conditions near the harbor groin because these defensive coastal structures are associated with erosive processes by reducing the littoral transport of sediments [34].



Concerning the shoreline evolution surrounding the Presidio River mouth, the oceanfront resort has decreased the cross-shore extension and dune height. Still, we did not record excessive beach erosion at this location. The lack of shoreline erosion may be associated with the proximity to the sediment plume from the river, with an average annual discharge of 1162 million m3 during the rainy season [35]. However, this pattern could have changed far from the river mouth because it may not be directly related to the river’s influence. The river mouth presents a huge shoreline variability between erosion and accretion trends, due to its forceful fluvial currents during the rainy season. Interestingly, the riparian vegetation of the Presidio River consists of a dense mangrove forest that promotes the exportation of organic matter into the coastline [36].



Given that the coastal development started during the last two decades in the northernmost region, there is a marked contrast between the unobstructed foredune and beach berm, compared with oceanfront resorts. The results of the field surveys and the spatial analysis indicated that accretion areas of the beach are found in front of unobstructed sections with cross-shore distances of 60 to 90 m and dune heights of 8 to 10 m, just as the southernmost conserved coastal zone. Not surprisingly, previous studies have indicated a direct relationship between the size of the foredune and the beach extension due to sediment transport [7,14]. Hence, conserving the corridor between the foredune and the beach berm is of utmost importance for beach management and preservation [5].



Coastal dunes form a protective barrier and are relevant during extreme erosion events, such as swelling under hurricane conditions [37]. This particular characteristic could be of critical importance along the Mazatlan coastline, which does not have a natural defense against waves, such as coral reef barriers. There are two islands in front of the tourist zone where the highest density of the oceanfront structures is presented. These islands are expected to form a natural protective barrier against the waves, especially during storm events. Although there are no wave refraction and diffraction studies in this area, the waves are expected to decrease their energy in coastal regions facing the islands and increase their energy at the sides based on the angle of incidence and the bathymetry. However, in situ and remote sensing data indicate that the coastline facing the south island area shows maximum erosion. A possible solution could be constructing underwater structures (i.e., similar to coral reefs) in front but not in direct contact with the most eroded areas—however, this endeavor will require accurate coastal circulation models, government permits, and substantial investment.



The people involved in decision-making must analyze and select the attributes to address the specific concerns and follow the best course of action [37]. In this sense, the results of our analysis stress the need to include in situ and spatial analysis techniques as complementary tools in coastal monitoring programs. For instance, the variations in the shoreline position since 1990 indicate that the city of Mazatlan has constantly been undergoing shoreline erosion at some locations. The only sediment supply in this area corresponds to the sand distribution by the littoral current, which has a velocity of 1 to 5 cm s−1 and a predominance towards the north during most of the year [35]. Unfortunately, although a series of rigid defensive structures, such as groins and breakwaters, have been constructed to preserve the beach, these structures still cause substantial changes in sediment transport [38], exacerbating shoreline erosion according to the direction of the current.



Despite the shoreline damage due to the presence of unplanned rigid defensive structures, external factors, such as the sea-level rise, the obstruction of rivers, and the frequency of extreme ocean-meteorological events, such as hurricanes, may exacerbate erosion processes ([36,39]). The sea-level rise in the Gulf of California has a geographical gradient of 2.5 mm year−1 at the gulf’s entrance [11]. However, we believe that the increase in the intensity and frequency of hurricanes in the coming decades will substantially impact coastal erosion and overall shoreline dynamics in this study area ([40,41]). The historical maximum wave energy and the constant direction from the southwest are clear indicators of the presence of hurricanes in this region. Moreover, the Easter coast of the Gulf of California has been more vulnerable to the effects of storm surge elevation because of the topographic slope (collision coast) and the apparent increase of wave energy during the last decades [11]. These events could cause severe beach erosion, as observed with the recent impact of hurricane Nora (H1) on 29 August 2021. A hurricane category 3 to 5 will be able to exacerbate the flooding and overall coastal damage.



The city of Mazatlan, as well as many other popular tourist destinations, does not have a long-term monitoring program regarding beach management. This is why digital shoreline mapping that spans different decades is the only alternative approach capable of providing a comprehensive aspect of the shoreline evolution. Using satellite data and novel processing techniques, such as CoastSat, have allowed us to analyze vast amounts of spatial data efficiently. The historical spatial results of our study area are in accordance with the in situ observations. This is why we believe our method is robust and provides essential information regarding sandy beach management. The use of multi-temporal Landsat data with DSAS has been a practical approach for historical shoreline variability along sections of the Gulf of California ([31,32]) and other study sites (e.g., [6,14,17,42]).



Nonetheless, and as far as we are concerned, only a few recent studies have used the CoastSat platform [24]. Therefore, it is clear that this technology will continue to advance in the coming years, increasing the possibility of novel satellite acquisition sensors and spatial approaches. For instance, it is now possible to acquire freely available multispectral images at a 10-m spatial resolution with a temporal resolution of five days—an unheard-of situation before 2018. We believe that very-high spatial resolution satellite data (<4 m) will be freely available in the future, and that this will improve the shoreline detection accuracy.



Researchers can replicate the method used in this study in other popular tourist destinations around the world that have a certain degree of coastal degradation. For instance, the causes of coastal erosion are repeated everywhere when the expansion of real estate tourist infrastructure and coastal defensive constructions are unplanned. Although this situation has been known for many decades, it continues, nonetheless. Despite the favorable results of our analysis, persistent cloud cover can be a hindrance when using passive remote sensing data, as also happens with the sensor’s pixel size when using multi-platforms in tidal environments [43]. However, the results of the in situ shoreline survey are consistent with the historical spatial analysis of the shoreline evolution.




5. Conclusions


This study implemented a series of analyses involving in situ topographic surveys and a freely available cloud computing approach (CoastSat) along the coastline of Mazatlan from 1986 to 2020. The tourist city of Mazatlan in Mexico reflects a typical pattern within the coastal cities of Latin America, where unplanned real estate oceanfront developments and coastal defensive constructions tend to decrease the beach value by increasing the shoreline erosion. The results highlight the direct relationship between the cross-shore distance and dune height from the field survey with the accretion and erosion patterns derived from the multi-decadal analysis of the CoastSat data. The shoreline region with a dense real estate oceanfront infrastructure presents a minimum cross-shore distance of 0 to 10 m and a beach height of less than 2 m. Although some resorts are currently under direct impact by waves, it has been possible to detect very few unobstructed sections in the same area with the original foredune and beach, exhibiting a notable difference with the cross-shore distance between 60 to 90 m and the dune height between 8 to 10 m. The conservation area (southern region), located on the other side of the harbor entrance, shows maximum cross-shore distances of 130 m and dune heights of 8 to 10 m. As we have implemented a successful multi-method assessment in Mexico, this synergetic approach could be applied to any part of the World where coastal survey programs do not exist. In fact, with the ongoing global development of real estate and harbors, there is a pressing need for additional research that will consider long-term data for monitoring coastal systems using in situ and remote sensing data. We thus hope this work will create awareness about the reality of coastal erosion by fragmenting the foredune and beach berm. This will be particularly important in the southern section of the study area, where a recent interest in the development of major oceanfront resorts is emerging.
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Figure 1. Location of the touristic port of the Mazatlan coastline, Pacific coast of Mexico. The small colored circles indicate the location of the on-site transects: Northern point with non-continuous buildings (red), continuous resorts with no direct access to the beach (green), concrete oceanfront corridor with no constructions in front of the beach (purple), and conserved area without coastal infrastructure (yellow). The brown contour lines indicate the elevation intervals at every 50 m. The dashed lines indicate the bathymetry at depths of 5, 10, and 15 m. 
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Figure 2. Field cross-shore distance and beach height along the northern section. The original conserved dune (a), seafront hotels with a hydrodynamic protective seawall (b), breakwater (c), vertical wall (d), and the concrete oceanfront corridor (e,f). 
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Figure 3. Field cross-shore distance and beach height along the southern section. Breakwater section in front of the harbor (a), one of the few structures on the beach (b), and the conservation area, which is unobstructed by infrastructure (c,d). 
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Figure 4. Historical (1986–2020) maximum wave height and direction based on the ERA5 analysis. 
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Figure 5. Across-shore distance change (1986–2020) along the coastline’s northern section of the study site (top). Specific accretion and erosion sections among the seven periods based on the CoastSat and DSAS analyses (bottom). Positive values represent accretion, while negative values indicate erosion. 
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Figure 6. Across-shore distance change (1986–2020) along the coastline’s southern section of the study site (top). Specific accretion and erosion sections among the seven periods, based on the CoastSat and DSAS analyses (bottom). Positive values represent accretion, while negative values indicate erosion. 
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