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Abstract

:

Coastal ecosystems are attractive sites for tourism. In the central Pacific coast of Mexico in the La Boquita coastal system (LBCS), consisting of a beach and a coastal lagoon, the Driver-Pressure-State-Impact-Response (DPSIR) model was implemented for the spatial and temporal analysis of socio environmental indicators, aiming to gather information for decision-making and implementation of management strategies. The spatial occupation (umbrellas and tables) of the beach showed a 50–200% increase during the Easter season relative to the low season, while the area containing restaurants (called “ramadas”) increased by 396% in 15 years, representing pressure on land use for tourism purposes. The density of beach users ranged from moderate to high (<10 m2/user) during the holiday seasons in the tourism area. The Trophic index (TRIX), used as an indicator of trophic status, revealed mesotrophic-to-eutrophic conditions in lagoon water due to the limited water exchange with the adjacent ocean and to DIN and DIP inputs from adjacent tourist areas. The analysis of the environmental legislation showed that law enforcement in the LBCS is poor or nil, with most environmental regulations either ignored or having inadequate enforcement monitoring. This has led to the current state of socio environmental disruption.
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1. Introduction


The coastal zones are the interface between continents and oceans and are areas of great ecological, social, and economic importance, which include terrestrial systems such as beaches and dunes, and aquatic systems such as coastal lagoons and estuaries [1]. They also harbor some of the world’s most productive ecosystems, such as mangrove forests, marshes, coral reefs, and sea grass [2]. These ecosystems, as a result of their locations, serve as pollutant filters that prevent pollutants from reaching the ocean in high concentrations [3]. The attributes of these ecosystems make them attractive for the development of socioeconomic activities, such as port development, tourism, aquaculture, and fishing [4], which has led to inappropriate use and exploitation, coupled with a lack of adequate regulations and non-compliance with established standards [5]. In addition, it is known that over 50% of the world’s population inhabits urban settlements in coastal zones, contributing wastewater discharges to aquatic systems, causing land use changes, and increasing the production of organic and inorganic wastes [6,7]. This has caused ecological issues in some places, including loss of diversity, eutrophication, disruption of successional processes, and extinction of species, among others [8,9].



A key element in coastal areas are beach–dune systems, a dynamic deposit of sediments, which besides serving as shields for the coast from hydro meteorological events [10] are also highly appealing destinations for tourism [11]. In Mexico, according to the World Travel and Tourism Council [12], tourism profits exceeded US$209BN (17% of GDP) in 2018, with beach destinations receiving more than 75% of tourists [13]. Given its importance, it becomes essential to implement strategies for the integral assessment of tourism development and the environmental condition of beaches, considering sectorial and economic environmental policies, as recommended by the Organization for Economic Cooperation and Development (OECD) [14,15]. In this sense, within the conceptual framework of pressure–state–response (PSR), human activities exert pressures on the environment that change the status (i.e., quality and quantity) of natural resources, triggering a social response through public policies [16,17]. Based on the PSR model, the European Environment Agency (EEA) adopted the driving forces–pressure–state–impact–response (DPSIR) model at the end of the 1990s, which is based on changes in the state and impact of a system, as measured through indicators, setting the grounds for informed decision making [18].



A number of coastal management indicators have been used to evaluate the main environmental, social, economic, and political aspects; these indicators quantify, synthesize, and convey information in order to facilitate and contribute to the decision making process [17,19,20]. In addition, indicators should be relevant, simple, available, reproducible, and comparable; additionally, these should clearly show the status, trend, and exchange rates of ecosystem services to facilitate decision-making [21]. The driving force indicators used in coastal areas include vegetation cover, land occupation by infrastructure, uses, services, and social aspects, such as the type of tourism, intensity of use, current sanitary facilities, areas occupied by umbrellas, number of beach restaurants (“ramadas”), and parking lots. [22]. This information facilitates identifying on-site anthropic activities that cause social, environmental, and economic changes [23]. Additionally, the socio environmental perception of beach users has been considered as an indicator for the evaluation of activities that act as beach pressures, taking into account cleaning (litter), water quality, and safety [10].



The trophic index (TRIX) [24] evaluates the trophic status of marine systems, as determined from four variables related to primary production—chlorophyll-a, dissolved oxygen, dissolved inorganic nitrogen (DIN), and dissolved inorganic phosphorus (DIP) concentrations—covering oligotrophic to eutrophic conditions. Any indicators considered for impact assessment should reflect environmental changes, such as loss of biodiversity, presence of pathogens and diseases, public health, and economic deterioration [22]. Finally, the framework of the DPSIR model considers the design of response actions according to the driving forces, the state conditions, and the identification of pressures in the system studied [25].



According to the number of tourists, Manzanillo, México, ranks tenth as a tourist destination in Mexico, with over 500,000 tourists per year [13]. In this tourism destination, La Boquita Beach and Juluapan Lagoon (La Boquita coastal system, LBCS) are the main beaches in terms of beach space occupation and carrying capacity, based on the excessive demand for umbrellas and food services during the seasons of peak tourist affluence [26]. However, despite its importance, it lacks coastal planning and management. In this work, the La Boquita coastal system was evaluated with the DPSIR model, based on the analysis of driving force, pressure, and state indicators. The final outcome (response) is intended to be used for decision making in coastal management strategy and land use planning.




2. Materials and Methods


2.1. Study Area


The study area is located in the central Pacific coast of Mexico, in the northern region of Santiago Bay, Manzanillo, Mexico (Figure 1). It comprises a sandy beach stretching across 1.4 km and the Juluapan Lagoon that covers an area of approximately 1 km2, and is bordered by mangrove vegetation. The Juluapan Lagoon measures 2 km (longest axis) by 1.4 km (in its wide parts), with a depth ranging between 1 and 5 m and with narrow flood plains [27]. The lagoon is permanently communicated with the sea through a channel approximately 25 m wide, located in the southeastern portion of the lagoon. The beach has a gentle slope in the intertidal zone, along with low-energy waves resulting from its geographic location in a protected space. These attributes are ideal for recreational and leisure activities. The peak tourist influx occurs during the Easter holiday period, in summer (July–August), and during the end-of-year holidays (last two weeks of December and first week of January) [13].



The study area of the La Boquita coastal system (LBCS), which includes lagoon and beach areas, was delimited according to the following criteria: infrastructure (roads, human settlements, and water treatment), vegetation structure and coverage, as well as on-site economic activities. In the lagoon and its area of influence, seven sampling stations were established (E1, E2, E2A, E3, E4, E5, and E6) and the beach was divided into four zones: one (I) in the lagoon riviera and three (II–IV) in the sandy beach zone.




2.2. DPSIR


According to the structure of the DPSIR conceptual framework, several indicators of ecosystem services were considered for LBCS, as shown in Figure 2. Qualitative and quantitative indicators were selected that made it possible to consider biological, chemical, environmental quality, space occupation, and user perception aspects. The study area was surveyed from October 2015 to August 2016. The indicators included were identified and measured as described below.




2.3. Driving Forces


The driving forces were identified through prospecting campaigns in the study area and by searching and analyzing historical georeferenced images obtained from Google Earth (from 2003 to 2018). The images allowed the determination of the vegetation cover, occupation by infrastructure, services, and social aspects, such as type of tourism, use intensity, current healthcare services, areas occupied with umbrellas, number of beach restaurants (“ramadas”), and parking lots.




2.4. Pressure


The pressure indicators considered for this study were space occupation, density of beach users, and user perception. For space occupation, field censuses were conducted to determine the number of umbrellas and tables within the four delimited polygons. These censuses were conducted before, during, and after the 2016 Easter and summer holiday periods to obtain results for the high and low seasons. The density of beach users (BDU) was determined with the methodology proposed by Botero et al. [28]. Four (4) polygons were demarcated in the sandy and lagoon banks in each zone, comprising a 20-m wide strip running from the outer boundary of the leisure area to a depth of two meters in the bathing area. The number of users was recorded simultaneously in each sampling strip between 11:00 and 17:00—the period of time with the greatest tourist affluence—starting in the recreation area and moving toward the sea. Density users in each strip was calculated with the equation:


  B D U = A / U N  








where BDU corresponds to the density of beach users in the sandy beach zone; A is the area of the recording strip; and UN is the number of users in the recording strip. The figure obtained is the available area per person, in square meters. Subsequently, the average for all recording strips was computed and analyzed, which was considered as the user density for the entire beach.



The socioenvironmental perception of beach users was determined through 230 surveys on the preferences and satisfaction in the use of the beach conducted at the same time as pressure observations. The questionnaire included 17 items (modified from Cervantes [10]) arranged in three sections based on the aptitudes, opinions, and profiles of users (Table 1). Surveys were analyzed using the IBM Statistical Package for the Social Sciences Statistics (SPSS) [29].




2.5. State


The indicators considered for the state of the La Boquita coastal zone were the seawater bacteriological quality and trophic status of the Juluapan Lagoon, the latter taken from the TRIX index. For bacteriological quality, historic data gathered by the Official Clean Beaches, Safe Water, and Environment Program (Proplayas, The National Water Commission (CONAGUA) [30]) for La Boquita were analyzed; these data were obtained from samples collected in pre-holiday periods (3 times a year), based on the criteria of for considering a beach as suitable or unsuitable for recreational use established by the Mexican Health Secretariat [31], namely the allowable limit of 200 MPN/100 mL for Enterococcus levels established by the World Health Organization (WHO). To determine the TRIX index, six bimonthly samples were collected under the same tidal conditions (all samplings were carried out during high tides (between 09:00 and 11:00) from October 2015 to August 2016 at Juluapan Lagoon, aboard a 19-foot-long vessel with an outboard motor, from 7 sampling stations (Figure 1). In each station, the dissolved oxygen, salinity, temperature, and depth were recorded in situ using a portable multiparameter probe (YSI85, with accuracy of 0.1 units).



Surface water samples were also collected to be tested for dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), and chlorophyll-a; these samples were kept frozen and in the dark until analyzed in the laboratory. Dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) concentrations were determined in a segmented flow auto analyzer (Skalar San++) that was accurate to the nearest 0.01 µM, using the techniques described by Solórzano and Grasshoff et al. [32,33]. Chlorophyll-a samples were filtered in the laboratory on the day of sampling using Millipore cellulose filters of 0.45 mm pore size and 24 mm in diameter. Chlorophyll-a was extracted in 90% acetone, followed by centrifugation at 4000 rpm for 10 min, as proposed by Parsons et al. [34]. Chlorophyll-a was determined using the equation by Richards and Thompson [35].


  C h l o r o p h y l l − a = 15.6  A  665   − 2.0  A  645   − 0.8  A  630    








where A values are the absorbances at 665, 645, and 630 nm, which were read using a spectrophotometer (Perkin Elmer LAMBDA model 35 UV/Vis with a 190–1100 nm range).



The TRIX index was calculated from the following equation proposed by Vollenweider et al. [24] and modified by Escobedo-Urías [36]:


  T R I X =    (  l o  g  10   −  [   (  C h l a  )   (  a %  O 2   )   (  D I N  )   (  D I P  )   ]   )  + K  m   








where Chla is the chlorophyll-a concentration in mg/m3; a%O2 is the absolute percentage value of dissolved oxygen saturation, i.e., (100-%O2); DIN is the dissolved inorganic nitrogen (nitrites + nitrates + ammonium) and DIP is the orthophosphate concentration in µM; K and m are constants, at 1.5 and 1.2 respectively, which are scale values entered to adjust the lowest limit of the index and the related trophic scale range from 0 to 8 TRIX units [31]. The trophic status of Juluapan Lagoon was determined according to the rating of the TRIX index based on water quality, as described by Penna et al. [37]: low (2–4), medium (4–5), high (5–6), and peak (6–8).



Temporal differences in physicochemical parameters and trophic levels were tested for statistical significance by first applying normality and homoscedasticity tests. Parametric data were analyzed with a one-way ANOVA, while non-parametric data were analyzed with a Kruskal–Wallis test. When the data showed significant differences, a Tukey’s Honestly significant difference (HSD) test was applied. All statistical analyses were performed using the Statistical 10 software [38].




2.6. Response


Finally, actions were proposed to address the issues resulting from driving forces, dealing with pressure and impact factors, through the analysis of applicable coastal legislation. In this context, a form was designed for the analysis of the laws and regulations for environmental and planning matters currently in force at federal, state, and municipal levels, applicable for each of the existing natural resources in the study area. This allowed determination of the compliance status with each instrument, based on an analysis using a correlation matrix between ecosystems and their interactions with human services and activities in the area.





3. Results


The following sections describe the results obtained from the indicators in the DPSIR model.



3.1. Driving Forces


La Boquita is an attractive coastal system for the development of tourism-related economic activities that have resulted in a series of pressures, impacts, and disturbances associated with changes in land use, density of beach users (BDU), and the eutrophication of the lagoon and its influence on the adjacent marine area (See Figure 2).




3.2. Pressure


Pressure was based on indicators of intended use, such as space occupation, density of beach users, or user perception. Umbrellas (as a set of 4 chairs, 1 table, and 1 umbrella) were used because these are the most common and traditional elements installed in the sandy portion of the study area. Zones I and II showed an increase of more than 50% in the number of umbrellas during the Easter period; in zone IV, this increase was as high as 200% (Table 2), relative to low season periods (pre- and post-Easter). During the summer, the number of umbrellas increased by approximately 20% in zones I and II, and by 50% in zone IV, although the number of umbrellas in this area was lower vs. Zones I and II. It is worth mentioning that no umbrellas re installed in zone III in any season. However, this is the area where “ramadas” are installed, using chairs and tables for the sale of food and drinks. This study determined that before and after Easter and in summer, the number of tables averaged 263, while during Easter the number increased by 25% (i.e., 348 tables).



As for BDU, zone III showed the lowest area per user for all seasons (Table 2). All four zones showed a decrease in the area available per user during the two holiday periods, although zone I showed the lowest variation. The Cuban Standard for Environmental Protection (NC 93-06-302) considers 3 different BDU levels, namely intensive (3–6 m2/user), medium (6–10 m2/user), and low (more than 10 m2/user). Based on this classification, zone III can be considered as under intensive BDU most of the time, zones II and IV record medium to intensive density levels during holiday periods and low density during the rest of the year, while zone I remains at low density throughout the year.



Regarding the perceptions of users, the results from the 230 surveys revealed that the main reason for visiting the beach was because they like the area (44%), followed by 20% who visit the beach, and 16% who go to the beach to rest. Eighty-three percent of users had already visited the area previously, and 74% of responders considered that accessing the beach was easy.



Based on the opinion section of the survey (Table A1), 50% of respondents perceived a moderate saturation level at the beach, while 43% perceived a high saturation level. Regarding the services offered, such as parking, restrooms, and food, most of the respondents scored service quality as good or fair (47% and 34%, respectively), while only 9% considered it to be poor. More than 80% of respondents believed the beach to be safe. As for the perceptions of users regarding beach cleanliness, approximately 85% of respondents considered both the beach and water to be clean. According to the perceptions regarding the number of beach vendors, umbrellas, and “ramadas”, almost 70% of respondents stated that these are sufficient, about 20% considered these to be insufficient, and a minority considered these to be excessive.



Regarding the profiles of respondents, 70% of beach users were outsiders (i.e., they live outside Manzanillo) and 30% were locals (i.e., they live in Manzanillo). In terms of sex, the sex ratio was similar (54% men and 46% women). Most beach users were married (64%). A large number of respondents reported college education (42%), followed by 24% and 18% with senior and junior high school education levels, respectively.



Concerning land use, the coverage area for “ramadas” on the beach was determined between 2003 and 2018, ranging from 10,601 m2 to 34,914 m2, indicating a pressure that is interpreted as an increase in the area of tourist establishments of 24,313 m2, a difference in occupation of land use representing a 396% increase over 15 years. This increase could also be reflected by a higher number of visitors, especially during vacation periods, who demand services and produce waste, such as water consumption and littering in an area not covered by the municipal sewage and water supply system. Thus, wastewater is stored in septic tanks, which during this study were found to be overfilled; wastewater leaks onto the sandy soil adjacent to Laguna de Juluapan, which has the potential to affect the physicochemical parameters of the water in this lagoon. In addition, in the northern area of the Juluapan Lagoon there is a residential tourist settlement (Club Santiago), which in the Easter (April) and December holiday seasons produces an increased inflow into the Miramar treatment plant ranging from 10 L·s−1 to 40 L·s−1 [39]. The tourist pressures of “ramadas” and Club Santiago are reflected in increased nutrient levels that probably promote eutrophication of the lagoon system, as detailed in the results of the TRIX model.




3.3. State


3.3.1. Enterococcus Levels in Seawater


To ensure that beach water meets the quality criteria, the Mexican health authorities, through the Clean Beaches, Safe Water, and Environment Program of the Federal Commission for the Prevention of Health Risks (COFEPRIS) and The National Water Commission (CONAGUA), have established that the bacteriological quality of the water shall be <200 MPN/100 mL [31], which was met for the period 2013–2016 in La Boquita, as shown in Table 3.




3.3.2. Physicochemical Parameters for the Juluapan Lagoon


In the Juluapan Lagoon, the surface water temperature ranged from 26 to 32 °C (Figure 3), with minimum temperatures in the dry season (December, February, and April) and maximum temperatures in the rainy season (October, June, and August); the differences between seasons were significant (p < 0.05). There was little spatial variation, except in the December sampling. Salinity showed spatial and temporal variations, with the lowest salinity recorded in the innermost zone of the lagoon. In estuarine systems, these spatial variations are associated with the input of fresh water into the lagoon. Decreases in particular sites and time points were also observed, such as the decrease at station 3 during the June sampling. There were no significant differences (p = 0.0038) between the dry and rainy seasons; however, low values were recorded in December in the inner portion of the lagoon. Peak dissolved oxygen levels also showed temporal and spatial variations, with no distinctive pattern. The period with the lowest oxygen concentration was April (around 3 mg·L−1), with the minimum value recorded in the inner part of the lagoon. For the rest of the sampling months, the oxygen concentrations ranged between 4 and 6 mg·L−1, with the highest value (>8 mg·L−1) recorded in December.




3.3.3. Chlorophyll-a


In general, chlorophyll-a showed a tendency to increase toward the inner portions of the lagoon, with the highest levels recorded at the inner station in the dry period (Figure 3). Chlorophyll-a concentrations increased from station 4 inwards. During April and June, concentrations ranged between 2 and 5 mg·m−3 (from oligotrophic to mesotrophic according to the Escobedo-Urías classification [36]), while in August concentrations varied from 5 to 10 mg·m−3 (from mesotrophic to eutrophic), from station 4 to the innermost zone. During the dry season, the values were higher than 10 mg·m−3 in most inner stations of the lagoon, corresponding to a eutrophic state. Despite differences within the lagoon, there were no significant differences (p < 0.05) in the chlorophyll-a concentrations between the rainy and dry seasons.




3.3.4. DIN and DIP Concentrations


In general, spatial and temporal differences in DIN were recorded, with no significant differences observed between the rainy and dry seasons. Most DIN values in the Juluapan Lagoon were below 9 µM (mesotrophic limit); the exception was the June sampling, when concentrations ranged between 10 and 20 µM, representing mesotrophic to eutrophic states, with peak values recorded in the innermost stations. In the April sampling, DIN values at stations E1 and E3 were also higher than 10 µM, as well as at sampling station E2A in October. Most DIP concentrations were higher than 1.1 µM, suggesting a eutrophic state according to the classification by Escobedo-Urías [36]. The maximum concentration was 4 µM for all samples and stations, except for the August sampling, when the concentrations in stations 1 and 3–6 were slightly above 5 µM, with increases at stations 2 and 2A (peaks of 10 and 15 µM, respectively).




3.3.5. TRIX Index


For the TRIX index, the seven sampling stations were grouped as follows: north area (E1), central area (E2, E2A, and E3), and marine area (E4, E5, and E6). The results obtained from the TRIX index (Figure 4) showed that the north area has predominantly mesotrophic conditions during the dry season (4.1–4.6) and eutrophic conditions in the rainy season (>5); thus, it is an area of moderate-to-high productivity. In the central area, the results of the TRIX index indicated mesotrophic conditions (3.5–4.2), i.e., moderately productive water of good quality. In the marine area, the TRIX index indicated oligotrophic conditions with water of good quality, but with low primary productivity. In the central and marine area, the proximity to the mouth produces a greater exchange of water with the adjacent ocean, with low water residence times in some areas, resulting in water of higher quality than in the north area (Figure 4).





3.4. Response: Analysis of the Applicable Coastal Legislation


In Mexico, the main reference for environmental legislation for coastal areas is contained in the Political Constitution of the United Mexican States, which defines ownership of the national territory, both terrestrial and marine, and establishes the sovereignty and jurisdiction over them [41]. A number of regulatory instruments are applicable to the coastal and marine areas of Mexico, including 38 general and federal laws, as well as state laws, municipal ordinances, Mexican technical standards (NOM), and international instruments [42,43,44,45]. For the study area, the use of environmental goods and services for each resource were identified and analyzed based on the legal frameworks for environmental and planning matters currently in force at federal, state, and municipal levels, which affect each of the existing ecosystems and resources.



The regulatory instruments applied to the LBCS include the beach, the coastal lagoon, and the mangrove forest. The analysis of the use and activities in the different ecosystems and the revision of the coastal legislation applicable to the study area revealed that law enforcement is either weak, inefficient, or nil. The condition recorded under the application of the instruments in force shows the effects of omissions, such as the occupation of beach areas, deforestation of the two mangrove species listed in a conservation status, expansion of agricultural and urban areas, wastewater discharges into the lagoon, and poor planning of productive activities, all of which result in various environmental issues (Table A3).





4. Discussion


Sun, sea, and sand (SSS) tourist destinations attract a large influx of visitors and represent a major source of income for the economies of some countries, including Mexico, which in 2016 represented 12.45% of its gross domestic product [13,46,47,48]. This work shows that the increase in tourism is a clear driver, as evidenced by the almost 400% increase in land use for tourism over the past 15 years and the increase in the BDU in holiday periods (see photographs in Appendix A). As a result, the environmental deterioration and lack of planning have raised concerns about the future of LBCS, similar to other attractive destinations [49]. Therefore, the use and analysis of indicators and the use of tools to identify pressures are essential for the design and adoption of coastal management strategies for development that ensure competitiveness, sustainability, and conservation [50]. In the LBCS, tourism is the main driver of changes in the state of the environment, both on the beach area and in the adjacent aquatic systems, mainly due to increased pressures. One example is wastewater discharges from the residential tourist settlement Club Santiago through the Miramar treatment plant, reaching the adjacent ocean through its communication channel. These discharges affect the beach and the adjacent reef area due to the load of suspended solids and the high N and P levels from the interior of the lagoon, causing the whiteness of the coral and a 30% decrease in its abundance [51,52]. According to the analysis carried out in this study, this unfavorable trend will continue in the near future if no mitigation measures are taken and the current regulations are not enforced.



The identification of appropriate indicators to measure the issues at each tourist destination or recreational settlement is fundamental—these can be quantitative (e.g., BDU) and qualitative (e.g., user perception) [53]. The occupation of space, represented in this study by the number of umbrellas and the BDU, is an indicator that is extensively used to determine socioecological pressures, which may effectively identify the deterioration of tourist destinations [54]. In this regard, setting an ideal carrying capacity is complex, as this will depend on each locality, beach type, and user perceptions.



The classification of NC 93-06-302 was used to analyze the BDU; this revealed moderate-to-intensive beach use (3.8–10 m2/user) in three of the four areas, mainly over the holiday periods. Similarly, using the classification of the carrying capacity proposed by Botero-Saltarén et al. [28], we determined an intensive carrying capacity (<10 m2/user) during holiday periods in most cases. The above is in agreement with the perceptions of users, who mostly noticed a medium-to-high saturation of the beach; however, users were mostly repeat visitors (i.e., they had visited the area previously) who felt safe and noticed that the water and beaches were clean, thus perceiving a feeling of comfort. According to the Yepes classification [55], a beach condition is considered comfortable at densities above 4 m2/user, which are consistent with the densities observed in this study. Similar to the BDU values, the numbers of umbrellas rose substantially during holiday periods, a situation that had already been detected in a previous study, where umbrellas in the LBCS resting areas were considered to occupy more than 50% of the beach. This is considered unfavorable for environmental and aesthetic quality reasons [26].



Undoubtedly, the space use indicators show significant increases during the peak tourist seasons in the LBCS. Although this is not perceived by users as a negative factor, other indicators should be considered to establish the carrying capacity of the system, taking into account the different stages of the life cycle of the tourist destination [49]. In general, users of LBCS were apparently more interested in leisure-related infrastructure and services than in water quality and biodiversity, a finding that has been previously reported elsewhere [56]. This indicates a lack of knowledge or ignorance about coastal ecosystems, as well as the poor environmental education and communication of these topics across society.



Although the perceptions of users are considered in the development of management programs and proposals during decision making [57], overestimating this indicator may lead to a mistaken underestimation of coastal management strategies, thus threatening environmental health. Additionally, it should be mentioned that the LBCS is a system that has been modified by the construction of access roads and “ramadas” to provide tourist services to visitors in public beaches used for recreation, given their accessibility and proximity to urban areas. According to NC-93-06-302, these characteristics should also be taken into account in the occupation and use of sandy beach space.



Excessive occupation puts pressure on the soil, which can result in compaction of sediments, thus affecting sandy substrates. As part of this project, a study conducted during the 2016 Easter holidays in the LBCS to analyze the diversity index in the beach area showed that benthic macrofauna was virtually absent in most of the area sampled, a finding suggesting potential ecological issues associated with space occupation in these areas. According to the analysis of the regulations [58,59,60] relating to the occupation of spaces, they set rules for human settlements aiming to preserve and restore ecological balance and protect the environment through the use, exploitation, inspection, and surveillance of beaches. However, poor implementation practices (law enforcement) have led to environmental degradation in the LB system, showing a downward trend in compliance. Besides, no plan is currently in place for the restoration of the affected areas, as would be required in accordance with these regulations.



The increased space occupation changes the state of the system, as in the cases of the production of solid wastes and wastewater discharges, which in some cases may not be regulated, adding pollutants that affect the trophic state, as well as pathogens [61]. The factors mentioned above are used as indicators to assess the state of the system. Coastal water bodies are exposed to fecal contamination, which is mainly associated with recreational activities, wastewater discharges, cattle raising, deforestation, and other factors; thus, concentrations of Enterococcus and fecal coliforms are the most suitable indicators for detecting fecal pollution in water [62]. According to the World Health Organization, the concentration range of Enterococcus in seawater suitable for recreational use is between 0 and 200 MPN/100 mL. In this study, we reported a temporal variation, with low Enterococcus levels during pre-holiday periods that do not entail public health risks; however, one of the major concerns in the LBCS is the limited availability of public restrooms for users, as well as the lack of adequate treatment plants for wastewater discharges in the region. According to our analysis, the future trends regarding these factors are not favorable, as the Mexican Technical Standard (NMX-AA-120-SCFI-2016) indicates that the study area must comply with the bacteriological quality limit of 100 MPN/10 mL. This is important, because a previous study in La Boquita [63] showed that during the season of peak tourist activity, the concentrations of these bacteria exceeded 2000 MPN/100 mL.



However, the samples from the relevant monitoring office are collected during pre-holiday periods, when the concentration is within allowable limits, while our analysis during the peak tourist season revealed that the allowed limit for Enterococcus was exceeded, as mentioned above. The lack of control over wastewater discharges into the lagoon has also been identified. Additionally, the presence of larva migrans (Ancylostomatidae) in the sand of the LB system beach has been reported, as well as cases of parasitized persons since 2010 [64]. The larva migrans comes from the fecal matter of parasitized animals, which are usually street dogs and cats roaming the area. Larva migrans infections have commonly been documented in travelers visiting mainly tropical and subtropical beaches [65,66,67,68]. The presence of such parasites may be considered as an indicator of the poor sanitary quality of beaches, which is a potential topic of analysis for future research [68].



Regarding the lack of control of wastewater discharges into the lagoon, the water quality results for the concentrations of nitrogen, dissolved phosphorus, chlorophyll-a, and dissolved oxygen, as well as their integration in the TRIX index, all suggested eutrophic conditions in some seasons and areas of the Jualuapan Lagoon. During the rainy season (i.e., June, August, and October), chlorophyll a, DIN, DIP, and the TRIX index indicated mesotrophic-to-eutrophic conditions in the inner portions of the lagoon. The innermost area of the Juluapan Lagoon has little water exchange with the adjacent sea. The salinity values suggest that this is the area showing the longest residence time, a condition that favors the accumulation of nutrients that lead to high chlorophyll concentrations and the overall deterioration of the system. This is related to the low dissolved oxygen levels reported for April in the interior of the lagoon, which affects the rest of the stations and maybe related to nearby wastewater discharges. A similar condition has also been observed in other systems, such as the Cienfuegos Bay system [69], and can become intensified during the warmer months (August and October) due to the increased growth of bacteria, and consequently the increase in bioavailable nutrients and phytoplankton productivity. Moreover, continental materials carried in runoff during the rainy season may also contribute to the increase in DIN and DIP levels originating from adjacent tourist areas, which boost primary productivity and promote an eutrophic status in the lagoon.



Environmental degradation associated with tourism is well documented [70,71,72]. However, this work shows that continuous monitoring, scientific analysis, and the use of the DSPIR framework as a planning and management tool are all strictly necessary to determine the carrying capacity of systems; the short-, medium-, and long-term environmental impacts; and preventive and ecological restoration strategies, among others. Likewise, it is essential to communicate the results obtained, as these set the basis and input for decision-makers in the law enforcement of coastal legislation. Tourism cannot be restricted in countries such as Mexico, where the economy largely depends on this industry [12,13]; however, it is imperative to reverse the current trends in terms of the pressures on ecosystems. According to the analysis conducted in this study, some actions that should be implemented in the LBCS include the improvement of sanitary services, involving increases in the availability of restrooms and wastewater treatment. This work provides information that points to the deterioration of water quality in the lagoon and the adjacent sea, mainly during the holiday season, since around 65% of the established beach restaurants (“ramadas”) are irregular, showing the poor regulation of the use of land and the occupation of spaces. Therefore, it is essential that the infrastructure for restaurants is improved and that the use of spaces for different activities is defined within the limits of user density.




5. Conclusions


The lack of studies and analysis makes this work a baseline and input for the implementation and improvement of public policies. The implementation of the DPSIR model made it possible to identify the main issues in the region and their root causes, allowing the implementation of coastal management strategies. We identified that the lack of enforcement of environmental regulations leads to tourist activities causing a change of state toward the eutrophication of water and the deterioration of the lagoon environment and its surrounding marine area.



The 396% increase in occupancy and increased carrying capacity compromise the ecosystem services, which are a subset of ecological processes and ecosystem structures that are directly linked to benefits to human well being, as well as the value of the beach as an environmental asset.



Continuous monitoring of changes in land use, tourist pressure, and water quality are suitable indicators of compliance with current regulations, which allow us to propose the improvement of the sanitary infrastructure and the planning of the occupation of space for recreational use, aiming to change the trends related to the pressures that currently threaten the environmental health of the LBCS, in order to preserve and maintain these coastal systems.



The implementation of the DPSIR and the results obtained in this work can be used as inputs for decision making and in the design of environmental strategies for occupation and land use based on sustainable development goals (SDGs)—namely clean water and sanitation (goal 6), sustainable cities and communities (goal 11), and life below water (goal 14) goals—along with coastal law enforcement and ecosystem monitoring, in order to preserve this natural infrastructure and support local economies based on tourism and recreation.



Although it may seem obvious, this work highlights the importance of generating data on the evolution of tourism in a given area to allow the determination of the carrying capacity of a system. This information will contribute to making sure that the local ecological services are not compromised while the activities in this area support the local economy.
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Table A1. Perception survey.



	
Beach/zone: ______________________________________

	
Date/time: ____________




	
No. of survey: ____




	
Name of surveyor: ________________________________________












Table A1. Perception survey.



	
Beach/zone: ______________________________________

	
Date/time: ____________




	
No. of survey: ____




	
Name of surveyor: ________________________________________











	
Aptitude






	
1. Why did you select this beach?

	

	
-It is close to me,



	
-I like it,



	
-Sports,



	
-Fun,



	
-Walk,



	
-Rest,



	
-Other (specify)






	
( )




	
2.- What is your opinion about access to the beach?

	

	
-Easy,



	
-Difficult






	
( )




	
3.- Have you visited this beach before?

	

	
-Yes,



	
-No (Go to question 5)






	
( )




	
4.- Compared to your last visit, the beach conditions are:

	

	
-Same,



	
-Different





Specify:

	
( )




	
User’s opinion of the beach: Carrying capacity on the beach




	
5.- How do you consider the crowding of people on the beach?

	

	
Too many people,



	
Medium (more or less),



	
Little






	
( )




	
6.- How do you regard services such as parking, toilets, food, and access on this beach?

	

	
Very good,



	
Good,



	
Enough,



	
Poor,



	
Extremely poor. Why?






	
( )




	
7.- Do you consider that the beach is safe?

	

	
Strongly agree,



	
Agree,



	
Don’t know,



	
Disagree,



	
Strongly disagree Why?






	
( )




	
8.- On this beach, how do you consider the space for your rest and leisure?

	

	
Overcrowded (few free spaces for new beach sun umbrellas),



	
Not too crowded (there are plenty of spaces for new beach sun umbrellas),



	
Clear (there are few people on the beach and there are no beach sun umbrellas).






	
( )




	
9.- Is the beach clean?

	

	
Strongly agree,



	
Agree,



	
Don’t know,



	
Disagree,



	
Strongly disagree Why?






	
( )




	
10.- Is the seawater clean?

	

	
Strongly agree,



	
Agree,



	
Don’t know,



	
Disagree,



	
Strongly disagree Why?






	
( )




	
11.- How do you regard the number of hawkers?

	

	
-Too many,



	
-Many,



	
-Few






	
( )




	
12.- How many sun umbrellas and chairs are there?

	

	
Too many,



	
Enough,



	
Insufficient Why?






	
( )




	
13.- In your opinion, the number of restaurants (“ramadas”) is?

	

	
Too much,



	
Enough,



	
Insufficient Why?






	
( )




	
Socioeconomic profile of users




	
11.- Age range:

	

	
-18–24,



	
-25–29,



	
-30–34,



	
-35–39,



	
-40–44,



	
-45–49,



	
-50–54,



	
-55–59,



	
-60–64,



	
-65–69,



	
-70 and more.






	
( )




	
12.- Sex:

	

	
-Male,



	
-Female.






	
( )




	
13.- Marital status:

	

	
-Single,



	
-Married,



	
-Other (specify):






	
( )




	
14.- Place of residence:

	

	
-Local,



	
-Foreing






	
( )




	
15.-Do you work?

	

	
-Yes,



	
-No






	
( )




	
16- What do you do for a living?:

	
Specify:

	




	
17.- Education level

	

	
-Primary,



	
-Incomplete primary,



	
-Junior high school,



	
-Incomplete junior high school,



	
-Senior high school,



	
-Incomplete senior high school,



	
-College,



	
-Incomplete college.



	
-Other (specify):






	
( )
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Table A2. The Trophic index (TRIX) values for the seven stations of the Juluapan Lagoon, along with the mean and standard deviation (SD) by area during the sampling period.






Table A2. The Trophic index (TRIX) values for the seven stations of the Juluapan Lagoon, along with the mean and standard deviation (SD) by area during the sampling period.





	

	
North Area

	
Central Area

	
Marine Area






	
Month

	
E1

	
E2

	
E2A

	
E3

	
Mean

	
SD

	
E4

	
E5

	
E6

	
Mean

	
SD




	
Oct

	
5.3

	
4.4

	
4.2

	
4.0

	
4.2

	
0.20

	
3.9

	
3.7

	
3.7

	
3.8

	
0.12




	
Dic

	
4.4

	
4.4

	
4.1

	
4.0

	
4.2

	
0.21

	
3.6

	
3.4

	
3.3

	
3.4

	
0.15




	
Feb

	
4.1

	
3.7

	
3.5

	
3.3

	
3.5

	
0.20

	
3.3

	
3.2

	
3.1

	
3.2

	
0.10




	
Apr

	
4.3

	
4.3

	
4.1

	
4.1

	
4.2

	
0.12

	
4.0

	
3.9

	
3.6

	
3.8

	
0.21




	
Jun

	
4.6

	
3.9

	
3.8

	
3.8

	
3.8

	
0.06

	
3.0

	
2.8

	
2.9

	
2.9

	
0.10




	
Aug

	
5.1

	
4.9

	
4.9

	
4.8

	
4.9

	
0.06

	
4.0

	
3.9

	
3.8

	
3.9

	
0.10
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Table A3. Analysis of regulatory instruments (coastal legislation) applied to the La Boquita Coastal System (LBCS).






Table A3. Analysis of regulatory instruments (coastal legislation) applied to the La Boquita Coastal System (LBCS).





	
Coastal Ecosystem

	
Coastal Activities

	
Coastal Legislation

	
Scenario Compliance: Arrows Pointing up Indicate Compliance, Arrows Pointing down Indicate Non-Compliance






	
Beach

	
Leisure activities: rest and sunbathing, swimming, recreational and line fishing, beach and nautical sports, walk, read a book, have a picnic, buy handcrafts, relaxing beach landscape, eats at beach “ramadas”, umbrellas and chairs

	

	
Political Constitution of the United Mexican States a.



	
Article 27 g.






	
 [image: Jmse 08 00615 i001]




	

	
The General Law of National Goods



	
Article 7






	
 [image: Jmse 08 00615 i001]




	

	
The General Law on Ecological Equilibrium and Environmental Protection b



	
Article 203.
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Regulations for the use of Territorial Sea, Beaches, Maritime Coastal Federal Zone, and Land Reclaimed from the Sea c.



	
Article 5



	
Article 14



	
Article 74
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Mexican Technical standard:



	
NMX-AA-120-SCFI-2016:



	
Requirements and Specifications for the Sustainability of Beach Quality d.
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Land Use Management Program of the Colima State e.



	
Environmental Management Unit 89.
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Land Use Management Program of the Municipality of Manzanillo, Colima f.



	
Environmental Management Unit 53.
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Coastal Lagoon

	
Leisure activities:

swimming, rest, have a picnic, boat dock, camping.

	

	
Political Constitution of the United Mexican States a.



	
Article 27.






	
 [image: Jmse 08 00615 i001]




	

	
General Law of National Goods g.



	
Article 7.
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General Law on Ecological Equilibrium and Environmental Protection b.



	
Article 203.
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Regulations for the use of Territorial Sea, Beaches, Maritime Coastal Federal Zones, and Land Reclaimed from the Sea c.



	
Article 5.



	
Article 14.



	
Article 74.
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National Waters Law and Regulations h.



	
Article 86 BIS.



	
Article 78.
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General Law of Sustainable Fishing and Aquaculture and Regulations i.



	
Article 9.



	
Article 24.
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Land use Management Program of the Colima State.



	
Environmental e.



	
Management Unit 95.
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Land use Management Program of the Municipality of Manzanillo, Colima f.



	
Environmental.



	
Management Unit 54.
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Mangroves

	
Traditional timber harvesting, deforestation, boat docking, artisanal fishing, wildlife viewing, loss of wetlands, road access.

	

	
Political Constitution of the United Mexican States a.



	
Article 27.
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General Law of National Goods g.



	
Article 7.
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General Law on Ecological Equilibrium and Environmental Protection b.



	
Article 203.
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General Wildlife Law and Regulations j



	
Article 85.



	
Article 87.
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General Act for Sustainable Forestry Development and Regulations k.
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Land use Management Program of Colima State e.



	
Environmental Management Unit 95.
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Land use Management Program of the Municipality of Manzanillo, Colima f.



	
Environmental Management Unit 54.
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Mexican Technical Standard.



	
NOM-022-SEMARNAT-2003, Specifications for the Preservation, Conservation, Sustainable Use, and Restoration of Coastal Wetlands in Mangrove Areas l.
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Mexican Technical Standard



	
NOM-059-SEMARNAT-2010, Environmental Protection—Native Species of Wild Flora and Fauna of Mexico m.
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a Diario Oficial de la Federación (DOF). 2020. Political Constitution of the United Mexican States, México, 337 p. b Diario Oficial de la Federación (DOF), 1988. The General Law on Ecological Equilibrium and Protection of the Environment, 135 p, México. c Diario Oficial de la Federación (DOF), 1991. Regulations on the use of Territorial Sea, Beaches, Maritime Coastal Federal Zones, and Land Reclaimed from the Sea, 20 p. d Diario Oficial de la Federación (DOF), 2016. Mexican Technical Standard, NMX-AA-120-SCFI-2016: Requirements and Specifications for the Sustainability of Beach Quality, 80 p. e Periodico Oficial del Estado de Colima (PO), 2012. Decreto Bajo el Cual se Aprueba el Programa de Ordenamiento Ecológico y Territorial del Estado de Colima. Colima, México, 159 p. f Periodico Oficial del Estado de Colima (PO), 2016. Decreto por el que se Aprueba el Programa de Ordenamiento Ecológico y Territorial Local del Territorio de Manzanillo, Manzanillo, México, 342 p. g Diario Oficial de la Federación (DOF), 2004. The General Law of National Goods, 70 p, México. h Diario Oficial de la Federación (DOF), 1992. National Waters Law and Regulations (last review 2020), 112 p, México. I Diario Oficial de la Federación (DOF), 2007. General Law of Sustainable Fishing and Aquaculture and Regulations, 171 p, México. j Diario Oficial de la Federación (DOF), 2000. General Wildlife Law and Regulations, 72 p, México. k Diario Oficial de la Federación (DOF), 2018. General Act for Sustainable Forestry Development and Regulations, 75 p, México. l Diario Oficial de la Federación (DOF), 2003. NOM-022-SEMARNAT-2003, Specifications for the Preservation, Conservation, Sustainable use, and Restoration of Coastal Wetlands in Mangrove Areas: Requirements and Specifications for the Sustainability of Beach Quality; 22 p. m Diario Oficial de la Federación (DOF), 2010. NOM-059-SEMARNAT-2010, Environmental Protection—Native Species of Mexico of Wild Flora and Fauna, 77 p, México.
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Figure A1. La Boquita Beach in holiday season (above and below). (Photos Omar Cervantes, Ricardo Guzman). 
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Figure A2. The Juluapan Lagoon shore in holiday season. (Photo Omar Cervantes, Ricardo Guzman). 
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Figure A3. La Boquita Beach in low season. (Photo Penélope Membrilla González). 






Figure A3. La Boquita Beach in low season. (Photo Penélope Membrilla González).
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Figure 1. Study area showing the La Boquita coastal system (LBCS). 
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Figure 2. Diagram of the driving forces–pressure–state–impact–response (DPSIR) model structure, showing the indicators used for the La Boquita coastal system. 
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Figure 3. Temperature (a), salinity (b), dissolved oxygen (c), chlorophyll-a (d), dissolved inorganic nitrogen (nitrates, nitrites, and ammonium) (e), and phosphate concentration (f) values for surface water in the Juluapan lagoon. 
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Figure 4. The Trophic index (TRIX) values in the three areas of the Juluapan Lagoon throughout the period sampled. Water quality and trophic levels are marked according to the value of the TRIX index based on the proposal of Penna et al. [37] (for statistical details, see Table A2). 
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Table 1. Types of information obtained from the perception surveys carried out.
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	Section
	Description





	Aptitude
	Recreation habits described by the activities practiced on the beach, the reasons for visiting the beach, and how users consider their access, among others.



	Perception
	The opinions of users about the biophysical, social, and infrastructure conditions on the beach.



	Profile
	Socioeconomic characteristics of users based on the following parameters: age, education level, sex, marital status, occupation, and place of residence
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Table 2. Space occupation indicators are shown for the periods before, during, and after Easter, as well as for the summer period.
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Indicator

	
Zone

	
Before Easter

	
During Easter

	
After Easter

	
Summer






	
Number of umbrellas

	
I

	
117

	
174

	
118

	
146




	
II

	
83

	
121

	
98

	
109




	
III

	
NA

	
NA

	
NA

	
NA




	
IV

	
19

	
60

	
22

	
40




	
Number of users in the recording strip

	
I

	
59

	
65

	
54

	
96




	
II

	
32

	
125

	
70

	
92




	
III

	
87

	
266

	
139

	
144




	
IV

	
53

	
141

	
66

	
111




	
Density of beach users (m2/user)

	
I

	
16.9

	
15.4

	
18.5

	
10.4




	
II

	
31.3

	
8.0

	
14.3

	
10.9




	
III

	
11.5

	
3.8

	
7.2

	
6.9




	
IV

	
18.9

	
7.1

	
15.2

	
9.0
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Table 3. Enterococcus concentrations (MPN/100 mL) in surface seawater at La Boquita beach during the Easter (E), summer (SU), and December (DC) pre-holiday periods [40].
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	Period
	2013
	2014
	2015
	2016





	E
	10
	14
	22
	10



	SU
	13
	27
	13
	25



	DC
	22
	18
	52
	50
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