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ABSTRACT: A common issue in defining marine protected areas is the often-vague boundaries, despite
widespread GPS use. Identifying conservation zones varies but generally involves assessing species
diversity, with choices based on ecological or economic value—usually at the manager’s discretion. This
study suggests prioritizing areas with maximum diversity, focusing on six reef groups: hard and soft corals,
macroalgae, sponges, hydrozoans, and anemones. Data from photo-transects and species collections at 18
sites in Cozumel’s marine park were analysed using geostatistical Kriging to delineate zones. The results
highlight the southern part of the island as the most diverse and in need of protection.
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1. Introduction

In Mexico, one of the most celebrated moments for various groups (academia, activists,
environmentalists, efc.) is when a presidential decree is issued to create a new Natural Protected Area (NPA).
However, at that point, a series of events is set in motion that should lead to its functioning as an
environmental policy tool with clearer legal definitions for conserving biodiversity, considering that the
(biological-ecological) systems they contain are not isolated from the rest of the biosphere and therefore
cannot survive on their own. One key consideration is that these institutions play a vital role in reducing
poverty and maintaining critical systems that support the lives of various communities, including human
communities. Cozumel is a critical area, as the island depends almost entirely on the income generated by
tourism activities, where the reef has great relevance, reaching the figure of 5.7 million tourists in 2025,
combining cruises and overnight stays (4.1 million passengers arriving on cruises and 1.5 million arriving
at hotels), which causes a significant impact where the pressure on local services is very high considering
the number of residents [1] and where a challenge arises between conservation and use.

The first step is to appoint a director who must develop a management plan within one year. This
document should include physical, biological, cultural, and socioeconomic characterization; access points;
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critical area designations; and considerations of various activities of use and exploitation to prevent
deterioration and, where appropriate, reverse damage through regulatory schemes, strict restrictions, and
defined ecological restoration and recovery projects [2]. The management plan is designed as a flexible and
adaptable tool for the short, medium, and long term, providing feedback, adjusting, and assessing the
conditions of the NPA in accordance with management policies and regulations.

Documenting reef biodiversity and understanding the impact of human and natural events are essential
to provide more accurate data on Mexico’s reefs [3]. This supports conservation efforts and sustainable use
planning. Cozumel, part of the Mexican Caribbean tourism hub, hosts over a million visitors each year and
is Mexico’s leading cruise destination [4]. Its popularity relies heavily on aquatic activities, many of which
involve reef exploration and recreation [5].

To protect this area, the Mexican government established the National Marine Park (NMP) “Arrecifes
de Cozumel” in 1996 [6], recognizing that reefs, among the marine systems with the greatest biodiversity,
provide various goods and services related to tourism and coastal protection. Two years later, the
Management Program [7] was published, proposing that conserving natural resources should be based on
a solid understanding of the area’s diversity and its spatiotemporal changes, along with continuous
monitoring and advancements in scientific research. However, protection efforts are primarily focused on
monitoring coral growth rates. From this perspective, this paper aims to compile descriptive elements of
the most significant reef representatives to guide conservation strategies in that region.

The reefs of Cozumel have been studied quantitatively by Fenner [8] and Muckelbauer [9], primarily
focusing on scleractinian corals and other components of the reef fauna and flora, which exhibit an extensive
topographic spectrum. Boyd et al. [10] describe the coralline algae of the island’s micro atolls. Huerta [11]
and Mateo and Mendoza [12] present the phycological flora of Cozumel and Isla Mujeres; Kenyon [13]
discusses black coral populations; Gonzéalez-Solis et al. [ 14] compare the actiniaries of this island with another
oceanic reef: Alacranes. Consequently, studies are scarce, punctual, and under different objectives.

To know the areas of greatest diversity and consequently those that could be postulated as priority areas
in conservation, this work explores the use of biodiversity indicators of the most important communities on
the reef to form a criterion that amalgamates 6 of the most important groups (Macroalgae, Hard corals, Soft
corals, sponges, hydrozoans and anemones) and thereby give an important biological-ecological weight to
the decisions to define priority areas for conservation.

2. Materials and Methods
2.1. Study Site

Cozumel is Mexico’s largest carbonate island in the Caribbean Sea, located 19 km northwest of the
Yucatan Peninsula, separated by the Yucatan Channel. It measures 48 km by 16 km, with an average
altitude of 5 m and coordinates 20°31’ N, 86°57" W (Figure 1). The climate is warm and humid, with
summer rainfall. The driest month receives less than 60 mm, and winter rainfall exceeds 10.2 mm [15].

The island of Cozumel formed during the Pleistocene era, specifically during the Wisconsin and Illinois
transgressions. It is part of a mountain range that runs parallel to the coastlines of Belize and Quintana Roo
[16—19]. On both sides, there is a narrow platform divided into terraces and steps. The western shelf has
three terraces; the island slope begins 2 km from the coast. This slope has an almost vertical inclination of
nearly 90° and reaches depths of about 400 m [9,20]. The edge of the shelf here is roughly at 500 m depth,
with a nearby depth of around 20 m, gradually decreasing to 30 m or more toward the north and south
[14,21]. The slope at this edge is gentle and consistent up to 50 m, then drops sharply outside the edge to
depths exceeding 150 m. To the east of the island, there are up to five terraces, with the platform edge
approximately 50 m deep. The island slope extends downward with interruptions to 1000 m [9]. On this
side and to the south, the slopes plunge sharply to around 400 m, where they flatten, then fall again in the
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next step to depths of over 1000 m. In the Northeast ward, the shelf extends beyond 50 km but only reaches
depths of about 50 m [8,22]. This shallow region continues toward the Arrowsmith Bank, 70 km from the
island [23].

COZUMEL

ISLAND

Figure 1. Location of sampling sites (0—50 m).

The tides reach a maximum of about 20 cm. The Caribbean Current flows between Cozumel and the
mainland at speeds up to 4 knots (6.44 km/h), with variable strength throughout the year, especially on
platform [24]. At the edge, the current is strong; along the west, countercurrents occur locally, such as in
Paraiso and Chancanaab [25]. These currents align with prevailing winds; the north and east coasts usually
face rough seas except in summer and autumn when westerly winds appear. The leeward coast is sheltered
from large waves, except in autumn when strong north and northwest winds occur [26].

The water temperature remains almost constant throughout the year, with only a 2-degree difference
between summer and winter (30 °C to 28 °C) [27]. Most of Cozumel’s reefs are in the southwest part of
the island; they are extremely dense due to ocean circulation conditions. Cozumel is fortunate to have very
close edge reefs on both coasts, making it one of the few Caribbean islands that offers excellent diving
opportunities across a wide range of locations.

2.2. Sampling

From September 2020 to August 2023, records were collected from the most significant and most
visited reefs by tourism, at different depths on 18 reefs on the western side of the island. The sampling
frequency varied in both years due to resource availability. In each reef, parallel to the coastline and at
depth intervals of 1-50 m, 20 m-long photographic transects [28,29] were done every 10 m. The samples
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consisted of photographs taken 80 cm above the bottom, every 50 cm along the transect, covering an area
of 1904 cm? (56 cm x 34 c¢m). Photographs were taken with a Nikonos V camera(Nikon, Sendai, Japan),
placed perpendicularly to the reef floor and 80 cm above it. Records and interpretations were made to the
highest possible taxonomic level, typically at the species level. All photographic samples were digitized
using a Microtek Scanmaker 1850 transparency scanner(Microtek, Shenzhen, China) and then incorporated
into the image analysis program (IMAT V. 5), which defined seven axes for each species analysed and
automatically determined each species’ coverage. In this study, 9981 photographs were analysed. The
coverages obtained were standardized to 1 m? (coverage was multiplied by 5.25 as a standardization factor)
across all sites.

In addition to these records, specific collections of certain organisms were made to verify their
identities through taxonomic identification, based on descriptions of the morphological structures relevant
to each group. For sponges, Colin [30], Voss [31], and Sefton and Webster [32] were followed; for
gorgonaceans, Bayer [33]; for scleractinian corals, Fenner [8], Von Prahl and Erhardt [34], for macroalgae,
Taylor [35], Huerta [11], and Mateo and Mendoza [12]; and for sporadic groups, field guides by Kaplan
[36] and Humann [37] were used.

2.3. Analysis

The data were analyzed to assess the abundance, richness, and diversity (Shannon-Wiener) of each
group at various sites. An XYZ matrix was then constructed, with the first two axes indicating the
geographical location of each site, and the z-axis representing the magnitude of attributes such as species
richness and diversity for each group. This enabled the creation of maps that depict the spatial distribution
of these attributes. The maps were generated using SURFER V. 7 with the kriging method and a linear
variogram, with interpolation validated through cross-validation. Subsequently, each GIS layer was
developed using ARC/INFO to build a comprehensive scenario of protected areas, emphasizing species
richness and diversity within the groups studied. The intersection tool was employed because it maintains
the attributes of overlapping entities. These descriptors are frequently used in the design of Protected
Natural Areas.

3. Results
3.1. Species Richness

The patterns of the groups analysed are presented in Figure 2.

Macroalgae. It has an area of great richness to the north of the island at the La Picuda site, which
decreases towards the central zone and then gradually increases towards the south in Santa Rosa and Paso
del Cedral, but without reaching the values of the northern area (Figure 2a).

Stony corals. For corals, there are nodules with high richness in part of the southern zone (Palancar,
San Juan, and Bajos de Colombia), and a reduced nodule in the northern part that joins La Plataforma and
La Ceiba, the other sites are in intermediate values between 9 and 12 species (Figure 2b).

Soft corals. They have a nodule of high value in the south (Bajos de Colombia and Chunchaka’ab),
slightly more displaced in that direction than that obtained with corals. It also shows an area of medium
values in the middle part of the island with a high-value nodule in Tunich (Figure 2c).

Sponges. The sponges show areas of high value in the middle part of the coast with nodules in La
Plataforma and La Ceiba and in Dzul-Ha-Chankana’ab and Tunich; it is also the group with the largest
number of species recorded with this methodology. The southern tip, Chunchaka’ab, and Maracaibo are the
sites with the least richness (Figure 2d).
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Fire Corals. The pattern identifies nuclei of high values in the northern (La Picuda and La Plataforma)
and southern (Santa Rosa and Paso del Cedral) areas, while the middle part is an area with very low values
(Figure 2e).

Anemones. Anemones have a pattern like algae, with areas of high value in the northern zone (La
Picuda) and intermediate values in the central zone, even though there are high nodules that combine pairs
of sites, as is the case of La plataforma-La Ceiba; Paraiso-Dzul-Ha; Tormentos-Youcab and Tunich-
Cardona. This group shows a total absence in the southern zone (Figure 2f).
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Figure 2. Species richness patterns of the six most representative reef groups in the phototransects. (a) Algae; (b) Hard corals;
(¢) Soft corals; (d) Sponges; (e) Fire corals; (f) Anemones.

3.2. Diversity

The diversity patterns obtained with the different groups are presented in Figure 3.

Macroalgae. This group has an interval ranging from 0.2 to 2.6 bits/ind, its highest values are present
in the northern part and in a nodule that includes Santa Rosa, Paso del Cedral, Palancar, and San Juan at
the beginning of the southern part. Its pattern is very similar to that of species richness (Figure 3a).

Hard corals. The pattern shown by the coral group involves the entire lower middle and the southern
zone as areas of maximum values in an interval of (0.8 to 3.6 bits/ind). The northern zone is the one with
the lowest values, except for two high-H’ nodules in the Platform and the Ceiba and in Dzul-Ha-
Chankana’ab (Figure 3b).
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Soft corals. They also show a high-value area in Chankana’ab and Maracaibo in the south, and a small
nodule of high diversity in the middle part in Tunich. The diversity range ranges from absence in some sites
(0) to 2.1 bits/ind (Figure 3c).

Sponges. This group shows high values in the upper middle part (La Plataforma and La Ceiba) and low
values in the middle and southern zone, except for a nodule between Tunich and Cardona. The diversity recorded
in this group ranges from 1.4 to 3.8 bits/ind, with values higher than those of other groups (Figure 3d).

Hydrozoans. Fire Corlas have high values in nodules that involve one site, as in Cardona, or two sites, as is
the case of San Juan and Bajos de Colombia. Spatially, they are positioned in the lower middle, south
(Chankana’ab), and upper middle part (La Plataforma). Its diversity range is from 0 to 1.5 bits/ind (Figure 3e).

Anemones. This group shows values from the lower middle part, presenting high values of diversity
arranged in nodules in the middle zone (Cardona, Youcab, and Tormentos) and in the upper middle zone
(La Ceiba). The diversity range recorded ranges from 0 to 0.7 bits/ind (Figure 3f).
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Figure 3. Diversity patterns of the six most representative reef groups in the phototransects. (a) Algae; (b) Hard corals; (¢) Soft
corals; (d) Sponges; (e) Fire corals; (f) Anemones.
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3.3. Reef Zones

The zoning presented by the NMP recognizes 4 reef zones (INE, 1998): Restricted use, which includes
the reef zone from the Islet, Punta Celerain, Maracaibo, Chunchaka’ab, Punta Sur and Colombia; Use of
Low Intensity (East Polygon) on all East Coast reefs; Low Intensity Use (West Polygon), Paso del Cedral,
La Francesa, Dalila and Palancar and an Intensive Use Zone, which includes Paraiso, Dzul-Ha, Las Palmas,
Chankana’ab, Tormentos, Yucab, Tunich, Cardona, San Francisco and Santa Rosa (Figure 4a).

The scenario presented with the topological overlap of the species richness of the different groups
shows nodules of high values in the upper middle zone (La Plataforma and La Ceiba), in the central zone
(San Francisco), and in the southern zone (Palancar) (Figure 4b).

The map resulting from the superposition of diversities shows high-value nodules in La Picuda to the
north, Chankana’ab, Tormentos, and Youcab in the middle part; San Francisco and Santa Rosa in the lower
middle part, and Palancar and San Juan in the southern area (Figure 4c).

Both maps show an integral scenario with high values in the Platform, Tunich, Santa Rosa, Paso del
Cedral, and Chunchaka’ab.
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Figure 4. Zoning in the Cozumel Reefs National Park (PMN). (a) Use zones defined by the PMN, (b) Zones obtained with the
species richness of the 6 groups analysed, (¢) Zones obtained with the species diversity of the 6 groups analysed.

4. Discussion

In all of them, free and autonomous diving is permitted, with limits on space and time for experience,
instruction levels, and buoyancy control; ecotourism; mechanically propelled vessels measuring less than
20 m in length, with a 2-m draft and a maximum capacity of 60 passengers; and commercial fishing
according to bans, catch quotas, and fishing gear regulations, except in the last two areas where any fishing
is prohibited [7]. According to this study, the middle southern and southern regions are the areas with the
greatest richness and diversity of species (Figure 4a,b); However, interestingly, these are the areas that the
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NMP has classified as low-intensity and high-use zones, where only anchoring activities, boat navigation
over 2 m draft, fishing, and jet ski use are prohibited. In both zones, daytime and nighttime diving, as well
as wreck sinking and artificial reef construction, are permitted [7].

The park’s policy aims to develop diving activities, with approximately 1500 divers per day, averaging
one or two dives [7,38]. However, due to the complexity observed in these areas, a more detailed analysis
of the timing is recommended to determine if they are truly the best areas for this activity. The Management
Program has identified the reefs of Paraiso, Chankana’ab, Paso del Cedral, and Palancar as the most visited
for diving. Tourism has access to all the reefs, so its influence extends throughout the area. Although diving
impacts reef organisms in various ways depending on the diver’s experience, boat traffic for transporting
users is very high. Conserving and optimizing this activity is crucial to the local economy, as it is closely
tied to many other productive activities in the area.

Other factors, both natural and human-related, have been mentioned above [39,40] that can
significantly influence the structural complexity of the reef system, and they require national and
international regulations to protect this NMP [41-44].

From the perspective that Isla Cozumel is a reef system of great significance for the reefs of the
Mexican Atlantic, and using the same sampling method, Table 1 compares it with seven marine protected
areas and an ocean system least impacted by human activities (Campeche Reefs). The comparison is based
on the total species richness of the analyzed groups (Table 1). Macroalgae were included despite many
being present and abundant only seasonally; they are a group that strongly competes for space with other
reef groups, making them a key factor in the patterns of abundance and diversity in the area. This
comparison highlights the importance of the faunal and floristic richness of the NMP Arrecifes de Cozumel
reefs within the Mexican Atlantic.

Table 1. Comparison of species richness (%) of the groups analyzed in 6 NPAs and an Oceanic Reef System of the Gulf of
Mexico (Campeche Reefs).

Protected Natural Areas Groups
Corals Gorgonids Hydrozoans Anemones Sponges Polychaetes Echinoderms Macroalgae
Isla Mujeres, Nizuc, Cancun  4.65 9.7 16.67 6.65 6.52 33.33 0 9.74
Isla Contoy 5.86 5.8 11.11 7.74 1.46 8.33 0 5.84
Campeche Reefs 12.94 14.25 11.11 12.79 13.77 25 0 9.74
Alacranes Reef 11.47 9.73 11.11 10.49 13.04 8.33 0 6.49
Tulum 2.56 8.4 5.56 2.06 0 0 0 0.65
Chinchorro Bank 3225 2329 11.11 33.07 21.01 8.33 40 27.28
Puerto Morelos 10.47 8.4 11.11 10 3.62 0 0 11.69
Cozumel Island 19.8 20.43 22.22 17.2 40.58 16.68 60 28.57

Although this work mainly emphasizes spatial aspects, the areas it defines are precise and based on
data collected from key groups within the reef zones, covering a depth range from 0.5 m to 50 m. Including
temporal information would greatly enhance the understanding of these areas, especially for guiding
conservation priorities. Additionally, with a comprehensive data set, it would be possible to develop well-
informed zoning and use plans tailored to each area’s specific features. This study should serve as a
foundation for more detailed research into critical habitats of individual species or groups with high
diversity and abundance. Such research would help establish evaluation actions that balance environmental
stability, sustainable use, and resource management. Depending on what is learned from temporal data,
adjustments to area use could be implemented. If diving remains the primary activity and given its
international recognition as a top sport diving destination, exploring options such as area rotation could
help ensure some recovery in zones with high biodiversity.
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5. Conclusions

— Cozumel Island is very important for the reefs of the Mexican Atlantic, not only for its great
biodiversity but also for the ecosystem services it provides, but above all because it is a pillar in the
economy of the locals.

—  The diversity of groups is one of the highest of the reefs in that region.

— If'these services are to be maintained, it is necessary to re-evaluate the conditions for defining restricted
and user zones, under criteria that consider the biodiversity of the groups that make up the reef ecosystem.
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