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Abstract

:

The accelerated rate of environmental degradation of the Mexican Caribbean coast is alarming. In this work, spatial analysis procedures were applied to study relationships among wave and wind climates, water quality, and environmental degradation of the principal coastal ecosystems. We found an increasing North-South gradient in the preservation state of the coastal ecosystems, related to the degree of anthropization of the coastline. In the north, all analysed stressors exert high pressure on coral reefs, seagrass meadows, mangroves, and dunes, and cause chronic coastline erosion. The coastal ecosystems of the central and southern regions are more mature and healthier, and the most significant stressor is reduced water quality. The north has been most hit by high-intensity hurricanes, the frequency of which has increased in the Mexican Caribbean over recent decades. The status of conservation of the ecosystems, added to the long-term intensification of environmental pressures, particularly high-intensity hurricanes, will induce further deterioration if a coordinated management scheme is not adopted by decision-makers. To ensure effective coordinated management, plans should be made on a regional scale using shared guidelines. Spatial analysis procedures aid in prioritizing and adapting the shared guidelines depending on the identified major stressors and the preservation state of each region in the Mexican Caribbean.
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1. Introduction


The Caribbean Sea is a unique biogeographic region, among the top five hotpots in the world for marine biodiversity. It is home to approximately 500 fish species, has 12% of the world’s reefs, and its Mesoamerican Reef System is the second largest barrier reef in the world [1]. The Mexican Caribbean has ≈900 km of coastline (insular and continental), with various interacting ecosystems. The environmental goods and services provided by these coastal ecosystems are numerous; provisioning (e.g., fisheries, desalinization/freshwater, timber); supporting (e.g., biodiversity services through coastal habitats); regulating (e.g., climate regulation, regulation of nutrient fluxes), and cultural (e.g., tourism, recreation, education) [2]. Although the Caribbean region has 15 Natural Protected Areas (NPAs) [3] and nine Priority Marine Regions (PMPs) for conservation [4], many of the ecosystems have been deteriorating for several decades [5].



The Mexican Caribbean is subject to multiple stresses [6,7], including major anthropic development on the coast, driven by the rapid growth in the tourism industry that began in Cancun in the north, in the early 1970s [8]. Gradually, this development has spread southward [9]. On the other hand, the increasing intensity of storms and hurricanes [10] have been exerting pressures on the coastal ecosystems already under pressure from human development. Recent massive arrivals of pelagic Sargassum spp. [11,12] into the Mexican Caribbean since late 2014 [13,14,15] have exacerbated the pressure on the coastal ecosystems [16], and subsequently, in the incomes generated by tourism [15,17].



Knowledge about climate-determined environmental changes worldwide and their effects on coastal and marine ecosystems is incomplete [18]. In the Mexican Caribbean, there are local reports on the decline in area and health of the reefs, and fisheries productivity [6,19], and loss or deterioration of seagrass meadows [16,20,21], mangroves [22,23], and dunes [24,25]. However, a comprehensive analysis of the state of conservation of the coastal ecosystems along the whole stretch of Mexican Caribbean coastline and their main environmental pressures is lacking. Such analysis is necessary in order to establish measures for integrated management and/or their ecosystems restoration strategies to safeguard the ecosystem services they provide to us humans.



In this paper, we hypothesize that there is a north to south gradient in the state of preservation of the coastal ecosystems of the Mexican Caribbean, related to physical-chemical stressors and the degree of coastal development. Environmental guidelines are suggested to improve the integrated coastal management of the Mexican Caribbean coast.




2. Materials and Methods


The study area is part of the coast of Quintana Roo state, in the southeast of Mexico, between the 17,769° N;—85,218° W and 21,932° N;—88,288° W, Figure 1.



2.1. Coastal Ecosystems


A bibliographic review was made searching the Scopus Database using the keywords seagrass, mangrove, reef coral and dune, Mexican Caribbean, and Quintana Roo, as well as names of specific authors renowned for their work in this region. Bibliographic references in some of the articles produced useful information from journals not indexed in the above-mentioned database. In all cases, only those papers that evaluated the state or changes in the state of an ecosystem were reviewed and considered in this analysis. Geospatial vectors (Shapes) of the mangrove [26], seagrass, and coral reef [27] ecosystems were obtained from the CONABIO geoportal.



The information on each site was categorized to discern a possible gradient in the state of ecosystem preservation from north to south. Coral reefs were classified according to the development or coral maturity stages following Argüelles-Jiménez et al. [28]. Seagrass meadows were classified based on changes in the relative abundance of climax and earlier-successional species, following observations in van Tussenbroek [20], van Tussenbroek et al. [21], and Ferdie & Fourqurean [29]. The areas of mangroves classified as disturbed and undisturbed following CONABIO [26] were spatially overlaid to the NPAs in a Geographical Information System (GIS) [3] and regions (Northern, Central and Southern) to determine their distribution. The surface of the dunes was digitized from orthophotos, 1995–2004, and from the most recent satellite images from Google Earth (2015–2020). These periods in the digitization of dunes were long because for one year there are no images with full coverage of the state’s coast. The images from both periods were checked and corrected in Google Earth to reduce error and to avoid including bodies of water, mangrove or vegetation as part of the dunes. The areas of the polygons obtained were compared, by region and by Natural Protected Area (NPA), to identify those with most change in their extension. The evolution of the coastline between 1970/81 and 2015 was obtained from Valderrama et al. [30].



The spatial integrity of the coral reef and mangrove ecosystems was obtained from Equation (1), which is an indicator of the degree of fragmentation of the ecosystem and assumes that large continuous biotopes will have greater integrity and spatial relevance than fragmented (patchy) ones:


  S I I   =    (    B s   P n    )    ×   0.01  



(1)




where SII is the Spatial Integrity Indicator, Bs is the biotope surface, and Pn is the number of patches of the biotope in each NPA.



For the seagrass meadows ecosystem, the spatial integrity was obtained from Equation (2), considering that seagrass meadows need a minimal size and density to maintain positive feedbacks for persistence [31]. The minimal area considered here is 5 ha, because a completely isolated patch in Akumal Bay has persisted for at least decades [32]:


  S I  I  s m      =   [ % F P s   −   (      ∑  ​  P  s  ( < 5 ha )     P  n  ( < 5 ha )      )  ]   ×   0.01    



(2)




where SIIsm is the Spatial Integrity Indicator for seagrass meadows, %FPs (Equation (3)) is the percentage surface of functional patches (≥5 ha), Ps is the patch surface, Pn is the number of patches of the biotope, and Bs is the biotope surface in each NPA.


  % F P s =       ∑  ​  P  s   (  ≥ 5 ha  )    ×   100   B s    



(3)







The Research Efforts Indicator is an estimate of the numbers of research/monitoring by ecosystems in both NPAs and Unprotected areas (Equation (4)). This indicator would shed light about the ecosystems less studied by areas (NPAs and Unprotected areas).


  R E I =   S n   ×   S p   B s    



(4)




where REI is the Research Efforts Indicator, Sn is the number of studies compiled, by ecosystem, in every NPA, Sp is the study period (number of years of observation/monitoring by ecosystem in every NPA), and Bs is the surface area of the biotope in each NPA.



All analyses for determining the preservation of coastal ecosystems considered the government conservation priorities established for the region through the delimitation of Natural Protected Areas (NPAs) [3]. The delimitations of Priority Marine Regions (PMR) [4] were also reviewed (Table 1).



Coastline Evolution


Coastline displacement (erosion and accretion in meters) over the last 45 years was obtained from data of Valderrama et al. [30], who digitized the coastlines in 1970/1980, 2005, 2010, and 2015. These authors interpreted coastline displacement as follows: (i) Continuous change: when the movements of the coastline, in the four time intervals digitized, showed the same direction; (ii) continuous gain: the coastline in the four time intervals showed accretion; (iii) continuous loss: the coastline in the four time intervals showed erosion; (iv) discontinuous change: when the movements of the coastline in the four time intervals showed different directions; and (v) no change: no displacement of the coastline.



The average values of gain or loss in continuous or discontinuous changes were obtained considering all transects that presented these movements within a NPAs or Unprotected areas.





2.2. Marine Climate


2.2.1. Waves


Hourly data on variables of maritime climate from 1979 to 2019 were compiled for nine points along the coast of Quintana Roo. Significant wave height, peak period, wave direction, and wind speed and direction were obtained from the ERA5 climate reanalysis [33]. For each point, the mean value of the aforementioned variables was used of areas of 0.5°, between the latitudes 17.75° N and 21.75° N.



The energy level of the waves and winds is presented as a function of the average power in the winter (November to April) and summer (May to October). The ranges of the power values were assigned according to the quartiles: higher than the third quartile—Very intense; between the third and second quartile—Intense; between the second and first quartile—Medium; and lower than the first quartile—Low (Table 2). In addition, for each latitude range, the average directions of the waves and winds corresponding to the seasons analysed were obtained. The directions are degrees true; relative to the geographic location of the North Pole [34].




2.2.2. Hurricanes


Historical hurricane tracks (1851 to 2020) was obtained from NOAA-IBTrACS [35]. Time series analysis of frequency of the storms in each category of the Saffir-Simpson Hurricane Scale was calculated using Mann-Kendall’s tests [36,37] and Sen’s slope [38], taking into account the Yue and Wand autocorrelation method [39]. A mesh of 0.1 degree of resolution was created and the accumulated number of each Hurricane category for each spatial cell was mapped.





2.3. Water Quality


Water quality parameters were obtained from a bibliographic review for all the ecosystems described in Section 2.1. Concentrations of Dissolved Inorganic Nitrogen (DIN) and nitrogen stable isotopes (δ15N) reported in different studies and the measurements of the CONAGUA water quality monitoring of 2018 were included [40].



Given the lack of specific criteria for tropical waters, the water quality values was classified according to the trophic status for waters of transition, coastal and marine areas proposed by EEA [41].




2.4. Anthropization


The degree of anthropization was assigned following the criteria of Cruz et al. [42], who classified stretches of coast (coastal compartments) as having high, moderate, low or no anthropization, according to human pressures: land use (combination of percentages of population, agriculture and/or natural), type of port (industrial, commercial or recreational), the presence or absence of anthropization on river banks, industry and artificial structures. The data used for this characterization is from 2017 to 2019.





3. Results


From 1970 to 2020, we found 38 works published that examined the state or changes in the state of the ecosystems at 124 sites along the coast of the Mexican Caribbean (Figure 1 and Table S1). The total marine area was 6,383,700 hectares distributed in 12 NPAs, while the terrestrial part covered 473,390 ha in 14 NPAs. Most of the NPAs share marine and terrestrial area, only TB Biosphere Reserve is an only marine area, while MN, PC and TL National Park are only terrestrial.



3.1. Coastal Ecosystems


3.1.1. Coral Reefs


Coral reefs have a total surface of 10,536 ha in the Mexican Caribbean, of which 98.6% are within an NPA (10,389 ha). Cerdeira-Estrada et al. [27] does not show coral reefs in the NPAs of AC and BC; however, there is knowledge of the area of good development. The largest area of coral reefs is in the central part of the Mexican Caribbean (6307 ha, 60%); the reefs’ northern and southern regions comprise of 19% and 21% area coral reefs, respectively (Figure 2a).



Development of coral reefs in the Mexican Caribbean increases from North to South; with least developed reefs in the North and most developed (mature) reefs in the South (Figure 2a). In the articles reviewed, the degree of reef development was based on functional attributes (e.g., metabolic rates, biomass, development capacity) and community structure (e.g., species composition and cover, extension). The coral species determining reef structure in the northern region are Acropora palmata (e.g., Akumal, Puerto Morelos) and Porites astreoides (e.g., Cancun, Cozumel). The massive coral Orbicella sp. determines the structure, shape, and diversity in the species assemblage in the central and southern regions [5,43].



Fifty-eight percent of the coral reef area is within extremely important PMRs, and 10% within very important PMRs, while 32% is in areas with no marine conservation priority. Most of the reef biotope research concentrates on the CO National Park, followed by the APM and the CM Biosphere Reserve (Figure 2b). It was not possible to calculate the research efforts in AC, as no reef patches were recorded by Cerdeira-Estrada et al. [27], even though 16 scientific articles have been written about the reefs there over the last 40 years.



The ASK coral reefs have the highest spatial integrity values, followed by YB. The lowest spatial integrity value was in AX and in Unprotected areas (Figure 2c).




3.1.2. Seagrass Meadows


Seagrass meadows cover 57,648 ha in the Mexican Caribbean, of which 92% is within the NPA (53,021 ha). The largest extensions (42,039 ha, 73%) are in the north of the Mexican Caribbean. In the central area and in the south, most seagrass meadows are dominated by the climax seagrass Thalassia testudinum and sometimes Syringodium filiforme, although with lower density, as in AX and Boca Bacalar Chico [44,45]. Towards the north, T. testudinum is also present in most areas (Figure 3a); however, here shifts in relative dominance of faster-growing pioneer species have been observed [20] (Figure 3a). However, above-mentioned studies are local, and region-wide mapping is necessary to discern (changes in) patterns at regional scale.



Sixty-one percent of the seagrass meadows in the region are within extremely important PMRs, and 2% within very important PMRs. The remaining meadows are in areas with no marine conservation priority, according to CONANP [4]. Most ecosystem research efforts concentrate on APM and ASK, although in other areas with larger surfaces (YB, SK and CM), there were also some studies (Figure 3b). Seagrass meadows in the Mexican Caribbean are not fragmented with high values of spatial integrity, the lowest value was recorded in Unprotected areas (Figure 3c).




3.1.3. Mangrove


There are 176,270 ha of mangroves in the Mexican Caribbean, of which 52% were in NPAs. The largest area of mangroves is in the central region (55%), while the northern and southern regions comprise 14% and 31% of the total area, respectively. Disturbance is greatest in the north (1296 ha), where the area of mangroves is smallest, whereas in the central region only 5.6 ha was disturbed. In the southern region, 1% of the mangrove area was disturbed. 84,110 ha of mangroves (48%) were found outside NPAs, and 1.5% of this area was perturbed (Figure 4a).



Forty-three percent of the mangroves are in extremely important MPRs and 3% in very important MPRs (Figure 4a). In general, little fragmentation is observed in the mangroves in good condition, with the lowest values in CO (Figure 4b). On the other hand, disturbed mangroves are highly fragmented, with SII values of less than 0.1 (Figure 4c).




3.1.4. Coastal Dunes


In the period 1995–2004, the Mexican Caribbean coast had 5353 ha of dunes, and this area was 5128 ha in 2015–2020, showing a 225 ha total loss in the dune ecosystems. The greatest coastal dune areas were in the north (91%), where the decrease in dune extension was also largest (169 ha). In the central region, the extension of dunes was only 6%, with a loss of 24 ha, while in the southern region the dune extension was 3%, with losses of 32 ha (Figure 5a).



Approximately 72% of the dune area is in NPAs; 3825 ha in 1995–2004 and 3786 ha in 2015–2020. The barrier island of Holbox, in YB, had the greatest extension (3287 and 3265 ha for 1995–2004 and 2015–2020, respectively), followed by parts of the Unprotected areas (1527 and 1342 ha). Otherwise, IC had the lowest dune surface (1 ha in both periods) (Figure 5b).



The greatest loss in dune areas (185 ha) occurred in the Unprotected areas. In summary, in the Unprotected Areas, SK, YB, and PN, there was a decrease in dune surface in the most recent period; while in CM, TL, IC, and PC, the dune surface increased between 0.1 and 4.2 ha (Figure 5b).




3.1.5. Coastline


The northern region had discontinuous changes on 56% of its coastline, while that of the rest showed no changes. This was the only one that had continuous losses and gains in a minimum part of its coastline (0.2%). In the central region, the discontinuous changes were 25% and without changes of 43%. Finally, the greatest discontinuous changes were in the southern (57%), while was 7% without changes (Figure 6a).



The Unprotected areas had the highest percentage of discontinuous change in the study period (60% of its coastline), with average gains of 9.4 m and average losses of 24.5 m. Regarding continuous changes, an average gain of 69.8 m and average loss 60.7 m were recorded. SK had discontinuous change with average accretion of 4.8 m, and erosion of 21 m. In YB, discontinuous change was found in 44% of the coastline, with an average accretion of 48.3 m and 9 m of erosion. In TL, 13% of the coastline showed discontinuous change, with an average erosion of 21.7 m. In CM, discontinuous change of 8.7 m on average was found for accretion and 15.4 m for erosion (Figure 6b).





3.2. Stressors


3.2.1. Wave and Wind Climate


The intensities of wave and wind power decrease from north to south for the period from November to April, although in the southern part of the central region (19.25° to 19.75° N) both wave and winds were also very intense (Table 3). From May to October, the strongest wind power was over the central region, although there was no direct correlation with wave power (Table 4).



In the period analysed from 1851 to 2020, 1287 extreme weather events were recorded in the Mexican Caribbean, from tropical depressions (TD) to hurricanes of maximum intensity on the SSHS (Saffir-Simpson Hurricane Scale). The Mexican Caribbean saw 525 TD in this period and, at the other end of the scale, 13 hurricanes of category 5 (H5).



In this period, 440 Tropical Storms (TS), 132 Category 1 hurricanes (H1), 93 Category 2 hurricanes (H2), 41 Category 3 hurricanes (H3), and 43 Category 4 hurricanes (H4) passed over the Mexican Caribbean.



The most active period was from 1886 to 1979, with additional peaks in frequency of TD in the years 1854, 1887, and 1970 (Figure 7a). There were no minor hurricanes (H1 & H2) from 1967 to 1995 and from 2012 to 2019 (Figure 7b).



High category hurricanes (H3 and higher) started to affect the Mexican Caribbean in 1896 (H3), in 1915 (H4) and 1955 (H5). Only 13 H5 hurricanes were recorded over the 170 years analysed, all within a 52-year interval (1955 to 2007) but showing no trend of statistical significance. H3 hurricanes showed no trend of statistical significance, although there was an increasing trend in H4 hurricanes passing through the Mexican Caribbean (p-value < 0.005 and Sen’s slope of 0.062). There was no clear trend for other category hurricanes, although the sum of H4 and H5 passing through the area did show an increase, with a p-value of 0.030 and a Sen slope of 0.036 (Table 5 and Figure 8).



The entire region was equally affected by the passage tropical storms and minor hurricanes (H1 and H2) (Figure 9a–c). Major hurricanes (H3-H5) passed more frequently over the northern region (Figure 9d–f).




3.2.2. Water Quality


The DIN concentrations of 124 sites on the coast of the Mexican Caribbean were analysed. At the sites classified as oligotrophic, DIN values ranged from 0.86 µM to 6.42 µM. These were recorded in the protected areas of YB, CO, APM, AC, SK, BC, and AX at several sites in the CM Biosphere Reserve, and in Unprotected Areas (Figure 10).



Mesotrophic and eutrophic sites with DIN of 6.71–110.48 µM were recorded mostly in the northern region, with the highest DIN concentration in the study area (110.48 µM) in CM (Playa del Carmen). Other isolated records with medium to high DIN in central and southern regions were recorded in the CM (Shambala, Chávez, Mahahual), SK, and AX (Figure 10).



Studies reporting nitrogen isotopic signature are more common in the north (Figure 10), with >10‰ δ15N in tissues of seagrasses in Laguna de Nichupté [46,47]. In the central region, the δ15N ranged from 4.9–6.7‰ and in the southern region from 0.2–7‰ δ15N [46,47,48,49]. The highest number of sites with eutrophic conditions were found in CM (75%), of which 67% occurred in the northern region, followed by SK and an unprotected site (Laguna Nichupté).




3.2.3. Anthropization


The northern region had the highest percentages of high and moderate anthropization (Figure 11a), concentrated especially in the tourist zones of Holbox, Cancun, Isla Mujeres, and Playa del Carmen, followed by moderate anthropization in Cozumel. In the central region, anthropization is lower (13%) because of its extensive and widespread wetland areas, unsuitable for urbanization. In the southern region, low (3%) to moderate (7%) anthropization were recorded (Figure 11a).



In the NPAs, only 2% of the coast had high anthropization, recorded in Cancun and Holbox (CO and YB), while moderate anthropization (4%) was recorded in AC, APM, and CO (Figure 11). 1.4% of the PN had low anthropization with small populations in some stretches of coast; while in TL, the entire coast had low anthropization. In addition, there was low anthropization (11%) on the coast of SK and no anthropization elsewhere. In the case of CM, anthropization was low. IC and PC show no coastal anthropization. On the other hand, the unprotected coastal areas had the highest percentages of high anthropization (10%) (Figure 11b).






4. Discussion


Preservation state of the coastal ecosystems in the Mexican Caribbean increased from north to south, which is related to the degree of anthropization mainly due to urban and tourist developments. However, Argüelles-Jiménez et al. [28] attributed the increasing north-south gradient in structure and development of coral reefs along the coast mainly to the geomorphological setting and the topology; thus, the north-south gradient in reef development may also be attributed to natural settings. However, this gradient in preservation state over the last decades is also present in the other ecosystems covered in this study, and the response variables to anthropization were sufficiently robust across the studied ecosystems. In the following discussion, we will focus on how the coastal ecosystems are affected by physical-chemical stressors.



4.1. Coastal Ecosystems and Wave Climate


The northern part of the region has the waves and extreme events of highest energy; southwards this energy decreases. This is reflected in the ecosystems, mainly the coral reefs, where species found there are more resistant to extreme events, and the hydrodynamics produce higher levels of oxygenation. It is possible that the coral reef species in this area are more resilient to future changes in the intensity of extreme events. Coral reefs have been found to be more resilient to rising wave heights than to sea level rise [50].



The higher wave energy in the north, together with the lesser “maturity” of the reefs, may have induced higher erosion damage in the beach dune systems [13,50,51]. Moderately high energy regimes do not affect well-developed seagrass meadows in reef lagoons. Seagrass meadows dominated by the robust climax species Thalassia testudinum resist major hurricanes [21,52]. However, if the seagrass meadows start fragmenting [53,54] or undergo shift in specific composition, towards earlier successional species with lower rooting capacity [55] due to anthropization (eutrophication or other disturbance), high energy regimes or events may affect the meadows and, thereby, the stability of adjacent beaches [56].



The Yucatan current is crucial in spreading larvae and nutrients in the marine ecosystems studied (seagrasses and coral reefs) [57]. The Yucatan current flows northward through the Mexican Caribbean Sea and connects the ecosystems unidirectionally (from the south, through the central area and to the north). The velocity of the current is greater in the central-northern sector (0.5 m/s), than in the southern-central sector (0.2 m/s) [58]. However, nearshore counter currents allow for propagule transport both north and southwards, indicated by genetically well mixed populations of seagrasses and corals along the Mexican Caribbean coast [59,60].




4.2. Coastal Ecosystems and Water Quality


Mexican Caribbean ecosystems used to be oligotrophic, providing optimal environment for the development of coral reef systems; eutrophication indicated by higher DIN records in the north, is therefore a threat. Ecosystem changes associated at some site in the northern region coincide with other high DIN records [61,62]. Coastal development of Cancun hotel zone around APM National Park and Nichupté Lagoon System has been a source for nutrients for several decades [46,63,64]. The absence of a sewage system in many places, such as Puerto Morelos, the porous karstic geology, and the underwater springs typical of the region produce a system that is susceptible to significant nutrient inputs from land-based sources [65,66,67]. The recent increasing nutrient inputs in the more southern areas of the Mexican Caribbean [46,47,48,49] should be a warning for local coastal managers, due to the better state of the ecosystems in this region, which could be affected in the long term if the discharges increase.



Most records of water quality in the northern region could be related to the high level of anthropization there. A similar situation could be possible for the central and southern regions in the medium and long term, due to the increase of sites with advanced trophic status and recent records of wastewater inputs. Therefore, special attention should be paid to water quality management in the NPAs throughout the region. High nutrient concentrations can stimulate macroalgae growth [68,69], especially in the absence of adequate herbivory intensity [70,71], affecting the resilience of coral ecosystems. In particular, land-based activities and marine eutrophication resulting from inadequate wastewater treatment is considered a principal driver of declining reef condition in the Mexican Caribbean [72]. Similarly, elevated nitrogen records, such as in the northern and southern regions, stimulate excessive growth of epiphytes on the leaves of marine angiosperms [73,74,75,76,77], which eventually leads to ecosystem deterioration. This, in turn, causes a decline in their resilience in the face of storms, and in extreme cases to the loss of the seagrass meadows [73].




4.3. Coastal Ecosystems and Anthropization


The continuous retreat of the coastline in the northern region (2–3 m per year) coincides with its high degree of anthropization, and corresponds with reports on erosion rates of 0.25 and 9 m y−1 for 70% of the beaches in the Caribbean [2]. This region is the least developed coral reefs, which coincides with Suchley and Alvarez-Filip [78], who found that the coral cover was significantly lower in sites with high local human activity. The modification of the coastline by anthropization, combined with high wave and wind energies affecting hydrodynamics and dissipation of wave energy by the dune-beach system, impacts the coastal sediment transport [79,80]. Coastal development can lead to elevated sediment and nutrient run-off [81]. Sedimentation raises water turbidity, reducing coral photosynthetic activity, energy reserves and growth, and has been linked with elevated coral disease prevalence [82]. Additionally, excessive sedimentation can cause fragmentation of seagrass meadows [83,84,85] having major implications for both biological productivity and ecosystem connectivity.



Mangroves are also most disturbed in the northern region, which can generally be attributed to deforestation [86]. In the southern region, the second-most disturbed of the study area, Hirales-Cota et al. [22] identified anthropogenic land use (e.g., construction of villages and roads) as the main cause of disturbance in mangrove areas.



The dunes in the northern region have been impacted by the high anthropization and major discontinuous changes in the coastline, causing the loss of dune area, specifically in Unprotected areas. Tourist developments, e.g., hotel buildings, roads, and golf courses, have destroyed the dunes in these areas. In the satellite images it was observed that the main changes in the polygons were due to the construction of infrastructure. Martínez et al. [25] highlight that some hotels have implemented artificial reefs and geotextiles to reduce the erosion of the beach-dune. Others have opted for the construction of groins to protect the beach, interrupting the littoral transport, and causing erosion on nearby beaches.



In the central and southern regions with less anthropization, changes in the dune area are not as pronounced as in the north. Changes to dune area in the south have been caused by the construction of the coastal roads and isolated human settlements, which have fragmented the frontal dunes [25]. On the other hand, sediments move principally southwards, feeding the beaches. Additionally, the nearby reefs provide a supply of sediments and protection to the shoreline near to them [87].




4.4. Coastal Ecosystems and NPAs


Forty-nine percent of the coral reef ecosystems in the Mexican Caribbean are in SK and represent 72% of the PMRs. Although coral reefs in AC and BC are not mapped by Cerdeira-Estrada et al. [27], these parks have well-developed and mature reefs [43,61,88,89] and should be included in future studies. There is no direct relationship between research efforts values and the biotope surface in NPAs. In fact, there is less research on NPAs with extensive ecosystem than areas with less coral reefs, which is perhaps due to the proximity to research centers. The coral reefs have low spatial integrity values (many patches), except in YB and ASK. A loss of reef structure complexity has been reported in the Mexican Caribbean over the last 40 years [90]. In addition, the structure of the corals in the region has been severely affected recently due to the disease known as stony coral tissue loss [91].



The largest protected areas of seagrasses are in YB and SK, together accounting for 51% of the total area. The seagrass meadows in the northern region, specifically APM and CO, have no marine conservation priority [4] and are also those most affected by natural and anthropic disturbances. The fact that ASK has the highest value in the REI is due to the small area of the ecosystem (2.5 ha); this value should be analysed cautiously. As with coral reefs, there is no direct relation between research undertaken and the biotope surface in NPAs, which allowed identification of zones with a lack of information about ecosystems conservation status.



Of all the coastal ecosystems, seagrass meadows have received least attention. The absence of any high-resolution monitoring program that details surface area and evaluates specific composition is urgently needed to establish a baseline for future work. The relative abundance of climax vs. fast-colonizing species is a useful indicator of preservation state [29]. However, the works reviewed on seagrasses cover very small areas, or only sampling points, of the vast meadows, and do not provide the necessary spatial information to assess the state of entire meadows. There are various fragmentation indices for seagrass meadows [53,91]. The spatial integration index suggested in this paper can easily be obtained from GIS data, and is easy to use. It is based on the locally observed, minimal size of a functional completely isolated Thalassia testudinum meadow. Fragmentation in seagrasses affects their resilience, leading to a decrease in resistance and recovery from disturbances [92]. The low fragmentation in the seagrass meadows of Mexican Caribbean is a result of topography and widely available sandy substrate in reef and coastal lagoons for seagrass development [93,94]. Major disturbances, such as extreme eutrophication or siltation (e.g., Bojórquez Lagoon in MN), sargassum brown tides [16], excessive turtle grazing [32], and hurricanes [21] have locally eradicated seagrass meadows; thus, meadow fragmentation can be become an issue, when (changed) local conditions do not allow for recovery. Therefore, spatial integrity together with possible changes in specific composition should both be included in future monitoring programs.



Mangroves in the north, especially around Cancun, are those most severely affected by anthropization, which began at the beginning of the 1980s [23,95]. Other areas; e.g., PN has reported a loss of 24% and a gain of 7%, while most of the coverage (69%) showed no change [96], and was described as well conserved. However, in 2016, CONABIO identified for the same protected area (PN) 33% of mangrove areas as “disturbed”, representing the greatest damage of all NPAs. The disturbed mangrove in the southern region, specifically in Mahahual-Xcalak, had an annual deforestation rate of 0.85%, which is high compared to other mangrove forests in Mexico [22]. However, Cinco-Castro and Herrera-Silveira [97] found that mangroves in the south (Mahahual) are most vulnerable to Global Climate Change of all the mangroves along the coast of the Yucatan peninsula.



The coastal dunes within the NPAs had less change in area (46.5 ha), in contrast to those in Unprotected areas (184.6 ha), showing the effectiveness of protecting the dune ecosystems and the need to establish regulations and environmental controls for dunes in Unprotected areas (28%). The central region of the Mexican Caribbean is the most conserved—13% of this area has low anthropization, and the stable coastline is 75% unchanged.




4.5. Environmental Guidelines


Figure 12 summarizes the results of this study. The greater environmental pressures in the northern region, related to waves, wind, high-intensity hurricanes, high anthropization, and higher nutrient concentrations, cause greater disturbances in the ecosystems in that region. These pressures affect the conservation state and the development of coral reefs, induce shifts in seagrass meadows towards greater relative dominance of less resilient earlier-successional species, create more disturbed mangroves, and cause significant loss to dune area and continuous erosion of the coastal line.



The central and southern regions have more conserved and mature coastal ecosystems. Continuous erosion is not a feature of this coastline, and the degree of anthropization is moderate to low. However, to the south, there are δ15N values that point to wastewater input, which could, in the long term, lead to a shift in the composition and structure of seagrass meadows and coral reefs and increase their vulnerability.



In the northern region, the increasing number of high-intensity hurricanes may cause greater disturbance to the ecosystems, potentially affecting their resilience capacity. There are other pressures on the Mexican Caribbean that cannot be ignored and need to be addressed, such as the effect of Sargassum spp. arrivals on the corals and dune beach systems. Threats to seagrasses have been reported as one of the most urgent issues in recent years [13,15,16,21].



For the recovery of ecosystems in the Mexican Caribbean, it is important to differentiate management policies according to the needs of each region. Figure 12 identifies the needs for research, as well as lists common guidelines for ecosystem recovery by the regions of the Mexican Caribbean considered in this study.



One environmental guideline that would be useful in the three regions is strengthening building regulations close to beaches and dunes. Encouraging the establishment of hotel consortiums for environmental monitoring and creating a repository of these results with access for managers and academia would also be valuable.



The northern region is where there is most need to increase environmental controls, due to the high degree of anthropization. Carrying out restoration in the most affected ecosystems should be a priority. In the central and southern regions, the water quality needs attention, especially in sites with advanced trophic status. On the other hand, there is also a need to safeguard the less fragmented ecosystems throughout the Mexican Caribbean by intensifying surveillance, especially in the NPAs.





5. Conclusions


The conservational status of the coastal ecosystems on the Mexican Caribbean shows a gradient of increasing conservation from north to south, coinciding with the pressures to which they are subjected, both natural (waves, wind, and hurricanes) and anthropic (anthropization and water quality). In the north, the stressors are higher where wave and wind energies are greater, likewise the highest levels of anthropization and bad water quality. These environmental stressors probably affect the development of coral reefs, cause earlier-successional stage seagrasses, the biggest areas of disturbed mangrove and coastal dunes with most loss of area and the greatest coastline erosion.



In addition, the increase in the tracks number of high-intensity hurricanes in the northern region will potentially bring greater pressures and disturbances to the ecosystems, and thereby affect their resilience. Other pressures which impact the ecosystems of the Mexican Caribbean, such as disease in the corals and the massive influx of pelagic Sargassum spp., were not addressed in this study.



In terms of protection, most coastal ecosystems are within NPAs, with most in the northern and central regions, particularly YB and SK. However, this is not the case for PMRs, which are probably insufficient, specifically coral reefs and seagrass, e.g., APM and CO are the areas most affected and they do not have a PMR category.



There is no direct relationship between research interest and the biotope extension in NPAs; there are extensive NPAs in areas with little or no research effort, and vice versa. The fragmentation, or low spatial integrity, of ecosystems is notable in coral reefs, which can induce lower capacity for resistance to disturbances. The least fragmented coral reefs are in YB and ASK. Surveillance and environmental monitoring are strongly recommended in these areas, as they currently have high degrees of conservation.



Management based on environmental guidelines, some common and some differentiated according to the needs of each studied region, is important for the recovery of the ecosystems. The main recommendations concern strengthening environmental controls and regulations for construction on beaches and dunes. Comprehensive effective monitoring programs are also needed. In the northern region, restoration plans for seagrass meadows, mangroves, and dunes are required to improve their conservation status. It is also necessary to intensify surveillance in the NPAs that house the healthiest ecosystems (YB and ASK). Likewise, nutrient inputs should be resolved with consequent effects on the functioning and provision of environmental services in the Mexican Caribbean.



Studies focussed on the impacts of both global change and anthropization on hydrodynamics and connectivity are also required; these include developing observing systems [98] offshore, not just on the coast. Ecosystem services are increasingly at risk and their future functioning will depend on urgent, joint action between academia, government, and developers.
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Figure 1. Studied sites on the coast of the Mexican Caribbean (See Table 1 for abbreviations). 
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Figure 2. Development and surface area of coral reef by region and for each NPA: (a) Development stages. (b) Coral reef surface and Research Efforts Indicator. (c) Coral reef surface and Spatial Integrity Indicator. The NPAs are listed from north to south, except for the Mexican Caribbean Biosphere Reserve (CM) and the Unprotected areas (U/A) are listed at last because they occur all along the coastline (See Table 1 for abbreviations). 
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Figure 3. Development and surface area of seagrass meadows by region and for each NPA: (a) Development stages. (b) Surface of seagrass meadows and Research Efforts Indicator. (c) Spatial Integrity Indicator. The NPAs are listed from north to south, except for the Mexican Caribbean Biosphere Reserve (CM) and the Unprotected areas (U/A) are listed at last because they occur all along the coastline (See Table 1 for abbreviations). 
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Figure 4. Conservation and mangroves area by region and for each NPA: (a) State of conservation. (b) Area of undisturbed mangrove and corresponding Spatial Integrity Indicator. (c) Area of disturbed mangrove and corresponding Spatial Integrity Indicator. The NPAs are listed from north to south, except for the Mexican Caribbean Biosphere Reserve (CM) and the Unprotected areas (U/A) are listed at last because they occur all along the coastline (See Table 1 for abbreviations). 
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Figure 5. Changes in dune extension (ha) for the periods 1996–2004 and 2015–2020. (a) By region. (b) By NPA, and in the Unprotected areas. The NPAs are listed from north to south, except for the Mexican Caribbean Biosphere Reserve (CM) and the Unprotected areas (U/A) are listed at last because they occur all along the coastline (See Table 1 for abbreviations). 
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Figure 6. Geodynamics in Quintana Roo. (a) By region. (b) Erosion/Accretion percentage change for each NPA and the Unprotected areas. The NPAs are listed from north to south, except for the Mexican Caribbean Biosphere Reserve (CM) and the Unprotected areas (U/A) are listed at last because they occur all along the coastline (See Table 1 for abbreviations). 
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Figure 7. Frequency of extreme meteorological events passing through the Mexican Caribbean, 1851–2020: (a) Tropical Depressions and Tropical Storms; (b) Hurricanes of categories H1 and H2. 
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Figure 8. High intensity hurricanes in the Mexican Caribbean, 1851–2020. 
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Figure 9. Density of Tropical storms and hurricanes over the Mexican Caribbean, 1851–2020. 
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Figure 10. Water quality along the coast of the Mexican Caribbean (See Table 1 for abbreviations). 
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Figure 11. Degree of anthropization in Quintana Roo (modified from Cruz et al., 2019). (a) By regions. (b) For each NPA and for the Unprotected areas. The NPAs are listed from north to south, except for the Mexican Caribbean Biosphere Reserve (CM), and the Unprotected areas (U/A) are listed at last because they occur all along the coastline (See Table 1 for abbreviations). 
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Figure 12. Relationships between environmental pressures, conservation, and protection of ecosystems in the Mexican Caribbean, by region. Management and research guidelines recommended for ecosystems restoration and management. 
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Table 1. Natural Protected Areas (NPAs) and Priority Marine Regions (PMRs) on the coast of the Mexican Caribbean. Ordered from North to South, as in the figures.
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	Official Names of the NPAs [3]
	Management Category [3]
	Abbreviations
	PMR [4]





	Tiburón Ballena
	Biosphere Reserve
	TB
	Extreme importance



	Yum Balam
	Flora and Fauna Protection Area
	YB
	Extreme importance



	Playa de la Isla Contoy
	Sanctuary
	PC
	



	Isla Contoy
	National Park
	IC
	



	Costa Occidental de Isla Mujeres, Punta Cancún y Punta Nizuc
	National Park
	CO
	



	Manglares de Nichupté
	Flora and Fauna Protection Area
	MN
	



	Arrecife de Puerto Morelos
	National Park
	APM
	



	Porción norte y la franja costera oriental, terrestres y marinas de la Isla de Cozumel
	Flora and Fauna Protection Area
	PN
	Very important



	Arrecifes de Cozumel
	National Park
	AC
	Very important



	Tulum
	National Park
	TL
	Very important



	Arrecifes de Sian Ka’an
	Biosphere Reserve
	ASK
	Extreme importance



	Sian Ka’an
	Biosphere Reserve
	SK
	Extreme importance



	Banco Chinchorro
	Biosphere Reserve
	BC
	Extreme importance



	Arrecifes de Xcalak
	National Park
	AX
	Very important



	Caribe Mexicano
	Biosphere Reserve
	CM
	



	Unprotected areas
	
	U/A
	







Note: Bahía de Akumal (Refuge for the protection of marine species) is also a NPA in the Caribbean Mexican but was not considered in this study due to the unavailability of shapefiles online.
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Table 2. Wave and wind power ratings.
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	Energy Level
	Wave Power (kW/m)
	Wind Power (kW/m2)





	Low
	<5.3
	<0.21



	Medium
	5.3 < P < 5.9
	0.21 < P < 0.24



	Intense
	5.3 < P < 6.5
	0.24 < P < 0.26



	Very intense
	>6.5
	>0.26
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Table 3. Wave and wind power in the Mexican Caribbean in winter (November to April).
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Region

	
Minimum Latitude

	
Maximum Latitude

	
Wave Power (kW/m)

	
Mean Wave Direction (°)

	
Wind Power (kW/m2)

	
Mean Wind Direction (°)






	
North

	
21.75

	
22.25

	
Intense

	
42

	
Medium

	
77




	
21.25

	
21.75

	
Very intense

	
62

	
Very intense

	
80




	
20.75

	
21.25

	
Very intense

	
74

	
Very intense

	
78




	
Central

	
20.25

	
20.75

	
Low

	
99

	
Low

	
80




	
19.75

	
20.25

	
Medium

	
91

	
Intense

	
74




	
19.25

	
19.75

	
Very intense

	
83

	
Very intense

	
75




	
South

	
18.75

	
19.25

	
Low

	
86

	
Low

	
76




	
18.25

	
18.75

	
Low

	
84

	
Low

	
74




	
17.75

	
18.25

	
Intense

	
80

	
Intense

	
73
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Table 4. Wave and wind power in the Mexican Caribbean in summer (May to October).
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Region

	
Minimum Latitude

	
Maximum

Latitude

	
Wave Power (kW/m)

	
Mean Wave

Direction (°)

	
Wind Power (kW/m2)

	
Mean Wind

Direction (°)






	
North

	
21.75

	
22.25

	
Low

	
85

	
Low

	
95




	
21.25

	
21.75

	
Intense

	
100

	
Intense

	
98




	
20.75

	
21.25

	
Very intense

	
103

	
Intense

	
99




	
Central

	
20.25

	
20.75

	
Low

	
116

	
Low

	
104




	
19.75

	
20.25

	
Intense

	
107

	
Very intense

	
96




	
19.25

	
19.75

	
Very intense

	
102

	
Very intense

	
97




	
South

	
18.75

	
19.25

	
Medium

	
100

	
Low

	
96




	
18.25

	
18.75

	
Medium

	
99

	
Intense

	
94




	
17.75

	
18.25

	
Very intense

	
95

	
Very intense

	
93
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Table 5. Estimation of trends of hurricane track frequency, 1851 to 2020, in the Mexican Caribbean (Mann-Kendall test and Sen’s slope estimator test).
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	Saffir-Simpson Scale
	Mann-K tau (τ)
	p-Value *
	Sen’s Slope
	Trend Estimation





	TD
	0.033
	0.762
	0.000
	No trend



	TS
	−0.090
	0.323
	0.000
	No trend



	H1
	−0.079
	0.285
	0.000
	No trend



	H2
	−0.187
	0.150
	−0.009
	No trend



	H3
	0.179
	0.216
	0.012
	No trend



	H4
	0.509
	0.046
	0.062
	Trend



	H5
	0.105
	1.000
	0.011
	No trend



	H4 + H5
	0.357
	0.044
	0.023
	Trend







Note: * 95% confidence interval.
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