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Abstract: A spatial analysis was carried out to evaluate the compatibility of human activities and
biophysical characteristics in the Mexican Caribbean Sea, in order to identify the most viable areas for
energy generation from ocean currents and the areas where the population would most benefit from
such energy projects. Of the study area, 82% have some form of protection legislation. Tourism is the
main economic activity in the area and this is reflected in a wide range of activities and services that
often overlap within the same spatial area. In the case study, the use of renewable ocean energies is
seen as an important innovation to reduce fossil fuel dependency. These energies have the potential
to meet the demands of the region. However, it is vital to seek for potential areas for this type of
energy harvesting where the social, economic and environmental impacts would be minimal. The
lack of marine policies and land-use planning processes in Mexico is a major obstacle in avoiding
land use conflicts.

Keywords: ocean energy harvesting; marine spatial planning; environmental impact; mitigation strategies

1. Introduction

In Mexico, oil and natural gas reserves are decreasing, from peak production in 2004;
the oil era is in its final stage [1]. Figures from the Ministry of Energy [2] show that at the
beginning of 2019 the proven reserves, of 6.66 billion barrels of oil and 9.7 trillion cubic
feet (tcf) of gas, would last for approximately 9 and 5 years, respectively if the current rate
of extraction continued (oil: 1.833 mb/day; gas: 4.847 bcf/day in 2018) [1]. An energy
transition is thus needed in Mexico, from fossil fuels to sustainable energy. This would
contribute significantly to achieving the climate goals set out in the General Law on Climate
Change, reduce the looming energy poverty and facilitate access to energy in the region
studied [3]. Renewable sources of energy from the ocean are an innovative source of great
importance, thanks to their magnitude and the fact that they are found in all latitudes,
that that would allow us to reduce fossil fuel consumption and meet increasing energy
demands [4-6]. According to estimates, ocean currents and tidal energy have an annual
global potential of 800 TWh and 300 TWh, respectively [4]. However, only 1TWh of energy
is currently generated from the ocean globally [7]. Marine renewable energies are generally
considered to have a low environmental impact, thanks to their low or zero greenhouse gas
emissions [8]. However, some fundamental questions arise, including the formulation of
standards for this industry [9], economic aspects, and environmental consequences of any
mass deployment of energy generation from these sources.
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Due to their inherent reliability, predictability and sustainability, ocean currents are
an attractive option within marine renewables. In locations where flow acceleration is
exacerbated as a consequence of the geomorphology and topography of the seabed, such as
straits and channels, there is greater potential for exploitation [4,10]. The marine currents
that flow through the Cozumel Channel in the Mexican Caribbean Sea have been the
subject of a study by the Mexican Centre for Ocean Energy Innovation (CEMIE-Océano),
defining it as a key site and pilot area for the installation of an energy harvesting device
of this type. [11] examined areas, where it is possible to harvest energy for low-current
hydrokinetics for approximately 50% of the time, finding that near-permanent energy
extraction of ~32-215 W/m? would be possible in the Mexican Caribbean Sea. Fossil fuels
are the main energy source in this area (59%), mostly coming from natural gas, and mainly
used in the transport sector, and have a very negative impact on the environment [12,13].

Our oceans are spaces where there is great diversity of economic activities, such as
tourism, fishing and transport. The lack of adequate regulations and the absence of marine
policies in land-use planning in Mexico may generate local conflicts, with the result that
changes or adaptations are needed in some of these activities so that they can continue
to thrive [14].

Marine Spatial Planning (MSP) is a tool that is widely used to carry out a diagnosis of
an area to define and analyse existing and future conditions [14]. For the deployment and
operation of current energy projects in the Mexican Caribbean Sea, MSP can be very useful
in identifying the areas most feasible for renewable energy conversion [14]. As they take
into account the integrity of marine-coastal ecosystems as well as human activities, MSP
help to avoid many antagonistic conflicts.

As part of the strategy for energy transition, this study describes a geospatial anal-
ysis, using MSP, carried out in the Mexican Caribbean Sea, in order to foresee possible
environmental, social and economic impacts in areas where harnessing of energy from
ocean currents is most feasible. With this information, more harmonious, sustainable and
integrated decision-making is possible.

2. Materials and Methods

The study area (Figure 1) is in the northwest of Quintana Roo state, Mexico, encom-
passing parts of six municipalities which vary considerably in size, economic development
and social characteristics. As any energy generation devices must be connected to the
mainland to transfer the electricity to the national grid, a 10 km strip, along the coast was
chosen, from the town of Holbox, in the north, to the town of Tulum, in the south, 895 km
in all [15]. The marine area was delimited by the Cozumel Channel, and the boundary
of the Caribbean Sea Ecoregion, as established by the Commission for Environmental
Cooperation (CEC), which is roughly 55 km off the coast (http:/ /www.cec.org/ accessed
on 1 May 2020).

2.1. Biophysical Characteristics for Marine Energy Extraction

The Mexican Caribbean is a region of great environmental interest, with a range of sensi-
tive coastal and marine ecosystems that are vulnerable to changes in the environment. These
are of importance, both economically and socially, due to their biological productivity and
the human activities that take place here [16]. These ecosystems include coral reefs, seagrass
meadows, coastal beaches and dunes, coastal lagoons and mangroves. They are intercon-
nected and act as habitats for a wide range of marine and terrestrial flora and fauna. Some of
these species are at risk, according to NOM-059-SEMARNAT-2010, including the four species
of sea turtles that nest in the area (Eretmochelys imbricata, Caretta caretta, Chelonia mydas and
Dermochelys coriacea), and four of the six mangrove species found here (Rhizophora mangle,
Laguncularia racemosa, Avicennia germinans and Conocarpus erectus) [15,17,18].

The study area harbors significant biodiversity, particularly on the coral reefs that
belong to the Mesoamerican Reef System (MAR), and stretch 300 km, from Cabo Catoche
in the north to Xcalak in the south. Mangroves, seagrass beds and deep-sea flora and
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fauna communities are also plentiful [19-21]. Several legal instruments currently exist
which aim to protect areas of Mexico, like this, that are rich in significant ecosystems and
biodiversity characteristics.
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Figure 1. Study Area.

The terrestrial part of the study area is low lying, flat land, and includes three islands:
Cozumel, Mujeres and Contoy. There are diverse geographical features including bays,
dune systems, coves, cays, coastal reef lagoons, islands and sea cliffs [16].

In the study area, land use consists mainly of human settlements, natural ecosystems
and secondary vegetation (Figure 2). Land use is important in relation to the need to
connect the marine energy produced to the electricity grid. The characteristics of the area
near to the plant must be considered when the installation of the electrical infrastructure
required is being planned. It is also important to identify the areas of urban development
that require electricity. In areas that already have an environmental impact, it is easier to
plan the infrastructure needed to connect the plant to the existing electricity grid, thus
avoiding more environmentally sensitive areas that can be preserved in better condition,
and areas of potential socio-environmental conflict.

The bathymetry of the marine area helps identify currents and their power [4]. In the
marine part of the study area the continental shelf covers approximately 6% of the ecoregion;
20 km wide near Cancun and less than 3 km in the Sian Ka’an region. The continental slope
has depths of up to 3000 m (36%); and an abyssal plain over 3000 m deep [21].

Within the Caribbean Sea ecoregion there are two important channels: the Cozumel
channel, approximately 50 km long and 18 km wide (Alcérreca-Huerta et al., 2019), with
a depth of ~400 m; and the channel to the east of Cozumel Island, ~1000 m deep (Figure 2).
The Yucatan Current flows through both channels, with an oceanic transport of 23 Sv and
an average velocity of 1.5 m s~! [22]. A part of this current flows eastward from the island
of Cozumel, while ~5 Sv and 20% of the mean transport of the current flows through



Land 2022, 11, 665

4 0f 23

the Cozumel Channel [23]. The channels merge eastward at a depth of 2040 m, to form
the Yucatan Channel (196 km wide), where velocities increase to 2.5 m s~ ! [4,24]. This
zone is the connection between the Caribbean Sea and the Gulf of Mexico, with a water
flux of 23.8 £ 1 Sv [25] and depths of over 3500 m [26]. The widths of the channels are
50 and 100 km, respectively, and the currents recorded in both are semi-permanent and
intense, always greater than 0.6 m s~!, with maximum speeds near the surface. The
speed and variability of these currents mean this area has potential for energy generation
and has therefore been identified as a suitable area for energy harvesting [22,26]. Silva
et al. [27] identified potential sites in the study area for the harvesting of marine renewable
energies from five potential energy sources: thermal gradients (Ocean Thermal Energy
Conversion, OTEC), winds (Nearshore Wind Power Converters, NSWPC), waves (Wave
Energy Converters, WEC), salinity gradient (Pressure Retarded Osmosis, PRO), and marine
currents (Marine Current Energy Converters, MCEC) (Figure 3). This last was calculated
for 2 to 7 km off the coastline, at 50 m depth.
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Figure 2. Biophysical characteristics.

The study area has a warm humid climate, with an average annual temperature of
26 °C, with summer rainfall, occasionally accompanied by extreme weather events such
as tropical storms and hurricanes (June to September) [28,29]. The risk level for hurricane
formation in the region is classified as very high, making this a potential threat to the
operation of some ocean energy technologies [30]. The average annual surface water
temperature is 27 °C and 7.7 °C at a depth of 700 m [30].
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Figure 3. Suitable locations for energy in the study area for five potential energy sources from [27].
Sites for Marine Current Energy Converters (MCEC) are shown by yellow asterisks.

2.2. Marine Spatial Planning

The methodology of this work was based on the UNESCO [31] guide for Marine
Spatial Planning (MSP), in which a spatial diagnosis is developed to plan integrated
management in a given marine area. This consists of a definition and analysis of existing
conditions in the Mexican Caribbean Sea and a compatibility analysis between existing
characteristics/activities and energy needs.

2.2.1. Analysis of Existing Conditions in the Mexican Caribbean Sea

The various activities that take place in the region were defined, as well as the physical
or social characteristics that could be related to the potential ocean energy harvesting. Sci-
entific literature, Governmental databases (CONAPESCA, CONANP, INEGI, CONABIO),
and websites of regional, local hotels, companies and NGOs were consulted to compile
information in three key categories, as shown in Table 1:
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Table 1. Characteristics/activities assessed for compatibility in the Caribbean Sea.

Category ID Characteristics/Activities Objectives
1 Federal NPAs
2 State NPAs
3 Voluntary NPAs
(1) Protected areas and areas 4 Fls.her}es refuge zones Conservation of ecosystems
. . 5 Wildlife refuge areas .3 .
of environmental importance and biodiversity
6 Protected beach
(turtle nesting)
7 RAMSAR Sites
8 IBAs
9 Priority Marine Sites
10 Selected Tourist
Destinations Economic use/recreation
11 Tourist beaches
12 Certified tourist Economic
(2) Human activities beaches use/recreation/conservation
13 Dive sites E . / i
14 Sport Fishing conomic use/recreation
Economic use/preservation
15 Archaeological sites of cultural
heritage/recreation

16 Permitted Fishing
17 Lobster concessions Economic use
18 Mining
19 Decks

b (3), P;)rt and 20 Marinas Berthing/transport

urban infrastructure 21 Port infrastructure

NPA: Natural protected area; IBA: Important Bird Area.

Category (1) includes the protected areas and areas of environmental importance,
significant for their biodiversity, richness, abundance, endemism, etc. (Table 2). In Mexico,
Natural Protected Areas (NPA) are used as a conservation tool to protect marine and terres-
trial ecosystems that shelter wild flora and fauna, natural landscapes, ecological processes,
recreation opportunities, etc. as goods and ecosystem services that provide benefits for
local inhabitants, for the region, and for the country. In the Mexican Caribbean, all these
protected areas are important support instruments for the integrated management of coastal
zones, and are designed to stimulate good practices in fisheries management, tourism,
governance, etc. A considerable part of these areas has some kind of protection policy. They
may be legally protected or categorised as environmentally important (although they have
significant environmental characteristics, they do not have official regulations governing
them). The specific objectives of each protected area depend on the goals proposed for each.
Their administration is the responsibility of three governmental agencies: The National
Commission on Natural Protected Areas (CONANP), Ministry of Ecology and the Environ-
ment of Quintana Roo (SEMAQRoo0) and The National Commission of Aquaculture and
Fisheries (Conapesca), each of which has its own respective legislation, as well as of civil
organisations, whose practices are aligned to the legal and regulatory framework (Table 2).

Category (2) concerning human activities, economic activities, activities that concern
the preservation of cultural heritage, and recreational activities are shown. Tourism and
fishing are the most important activities, because of the economic and social benefits they
generate. In 2018, Quintana Roo received 16,675 million visitors, (top ranking, nationally),
generating almost 9 billion USD [32]. About half of the employed population in Quin-
tana Roo work in tourism [33]. With respect to fishing, the state ranks 21st nationally,
producing 3571 tonnes in 2018, generating over $181 million Mexican pesos. Its share of
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national production was 0.17% in 2018, with octopus, grouper and lobster being the main
commercial species [34].

Table 2. Types of Protected Areas.

Environmental

Protection Instrument

Number of Sites in
the Study Area

Area (km?) Administrative Body Legislation Applicable

Federal NPAs

State NPAs

Voluntary NPAs

Fisheries Refuge
Zones (FRZ)

Refuge areas (RA)

Protected Beaches

General Law on Ecological Balance
and Environmental Protection.
Regulation of the General Law of
Ecological Balance and
Environmental Protection of
Natural Protected Areas.
General Law of Ecological Balance
and Environmental Protection of
Quintana Roo.
Regulation of the General Law of

National Commission
12 14,317.09 of Natural
Protected Areas

7 23491 SEMAQRoo Ecological Equilibrium and
Environmental Protection of
Natural Protected Areas of
Quintana Roo.
General Law on Ecological Balance
and Environmental Protection.
3 340 Owners Regulation (?f the General Law of
Ecological Balance and
Environmental Protection of
Natural Protected Areas.
National Fisheries Law on Sustainable Fisheries
2 9.96 Commission and Aquaculture.
(CONAPESCA) NOM-049-SAG/PESC-2014.
National Commission
2 5728.31 of Natural General Wildlife Law.
Protected Areas
National Commission
of Natural
Protected Areas
Sea Turtle Protection s
51 3.31 and Conservation General Wildlife Law.

Centres (MTSPCs) NOM-059-SEMARNAT-2010.

Committee for the
Protection of Sea
Turtles in Quintana Roo

Category (3) contains port and urban infrastructure, important in both the installation
of marine energy harvesting devices, which requires the transport of technical personnel
and supplies, as well as the existing port and urban infrastructure, such as access roads,
dock facilities or the feasibility of building a dock, and proximity to services.

The information available was downloaded in vector and raster format and integrated
with processed information to generate maps for geospatial analysis to calculate delimited
areas and generate assessment categories through ArcMap 10.4 software. The informa-
tion without a spatial format was processed and edited in spreadsheets for subsequent
conversion to vector data in the Mexico_ITRF2008_UTM_Zone_16N coordinate system.
The location software Google Earth was used to rectify the maps or to obtain specific
coordinates for specific locations.

2.2.2. Analysis of Existing Characteristics/ Activities in the Mexican Caribbean Sea

From the overlaid vector layers, new maps were generated to show the degree of com-
patibility between the 21 characteristics/activities described (Table 1). This information was
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organised and analysed by means of three matrices: compatibility between objectives, spa-
tial intersection and objectives compatibility special intersection, in three consecutive steps:

1.  The compatibility between the objectives of the characteristics/activities was analysed
by first constructing a compatibility matrix (Table 3). Three degrees of compatibility
were considered: (a) compatible objectives, when the two characteristics/activities
evaluated can be developed in the same time and space, represented by green cells;
(b) poorly compatible objectives, when there may be conflicts when developing both
characteristics/activities in the same time and space, yellow cells, and; (c) incompati-
ble objectives, when the characteristics/activities cannot, or should not, be developed
in the same time and space, red cells. The frequency, or number of cells, with which
each degree of compatibility occurred was also calculated.

2. The spatial information was analysed to construct a second intersection matrix, in
which the number of spatial intersections between the types of characteristics /activities
with the same and other types, was calculated to determine the number of coinci-
dences (Figure 4, letter “a”). For this, the “Selection by location” tool of ArcGis 10.4
was used. With this information, the percentage of spatial intersections between each
of the features/activities presented in the area was counted.

3. Finally, a third matrix was obtained calculating the frequency of cells with 0% and
100% intersection percentages, and then the frequency of cells for each percentage of
the compatibility degree matrix (Compatible, Poorly compatible and Incompatible)
was calculated. Subsequently, the percentages of intersection 0, 100 and >0 to 100
were calculated, for all the characteristics/activities found in the area, for each degree
of compatibility of objectives (compatible, poorly compatible and not compatible)
(Figure 4, letters “b” and “c”). These results were then summarised in a table of
compatibility degree percentages identifying two types: the percentage of intersection
(>0-100%) and the percentage of non-intersection (0%) of characteristics/activities.

Table 3. Compatibility matrix between the objectives of the characteristics/activities.

Objectives Conservation Economic Use Recreation Preservatlor.l of Berth/
Cultural Heritage Transport
. . Poorly or Compatible or . Poorly or
Conservation Compatible Incompatible poorly compatible Compatible Incompatible
Economic use Poorly or Compatible Compeatible or Compatible or Compatible or
Incompatible p poorly compatible  poorly compatible  poorly compatible

Recreation

Preservation of
cultural heritage

Berth/transport

Compatible

Compatible or Compatible or . Compatible or .
poorly compatible  poorly compatible Compatible poorly compatible Compatible

Compatible or Compatible or . .
poorly compatible  poorly compatible Compatible Incompatible

Poorly or Compatible or . . .
Incompatible poorly compatible Compatible Incompatible Compatible

In order to identify areas with potential for energy harvesting from ocean currents
with respect to all the activities in the study area, a map was generated to spatialize the
information obtained in the compatibility matrix. The same colour code (green, potential
areas; yellow, little potential; and red, no potential) was used to indicate the respective
areas. Then the “merge” polygon tool was used to construct a single layer for each degree of
compatibility obtained in the matrix. Since it is not possible to merge points and polygons
with the tool used, the characteristics/activities were assigned the specific colour according
to the compatibility matrix.

2.2.3. Energy Supply Needs of Communities

For this analysis, government databases for the study area [35-37] and a civil orga-
nization [38] were consulted. Information on access to electricity, the degree of social
marginalization, and features of the electricity infrastructure (power plants, electricity
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substations, electricity grid) were compiled. Using the INEGI Catalogue of localities [39]
settlements were identified that are less than 10 km from the coast, at less than 100 m
above sea level and with more than 100 inhabitants. These socio-economic criteria have
previously been used for the deployment of marine energy harvesting devices [30,40].

No intersection Intersection
=
g 3 g . (0%) (100%)
£ _ 3 ES 5
SEE | % g 3 3
Categorles &25 S E Em%mﬁm&m%mém
Characteristics/activities S 5 S g 2 %.2 gL|82 %g w2
£E<% 8 g E St|lstleg|588|sEles
5 T 2 3 £ S 9|8 8|EEL|ISE[88|EQ
= s X = ] IS I S S
—~ n:) —\‘\T o uosozoouoaozoo
= < <
1) Natural Protected Areas a a
) . b|b|]b|c]|]c]|c
and environment zones
a
2) Human activities b b b c c c
a
3) infrastructure b b b | c c c
Simbology (matrix 1): a= number of spatial intersections within same type characteristic/activity
with others (matrix 2).
[ Compatible objectives | b= number of cells within intersection percentages of 0% compatibility
[——1 Poorly compatible (matrix 3, supplementary information).
mm Incompatible objetives| ¢ = number of cells within intersection percentages of 100% compatibility
{matrix 3, supplementary information).

Figure 4. Summary of matrices that show the degree of compatibility between the characteris-
tics/activities objectives in the Mexican Caribbean represented by colors: green for compatible,
orange for poorly compatible and red for incompatible objectives (matrix 1). Number of spatial
intersections (matrix 2), and number of cells with intersection percentages of 0 and 100% (matrix 3 in
Supplementary materials).

The information was organized into databases in.cvs format for specialization in a GIS,
by category and by municipality, using ArcMap 10.4 software. Subsequently, a digital map
of the study area was produced showing the spatial distribution of electricity needs (% of
dwellings without electricity) and the degree of social marginalization of the municipalities.
Regarding settlements, 34 were found to be less than 10 km from the coast, with more
than 100 inhabitants, where the implementation of ocean energy technologies would
be beneficial.

3. Results
3.1. Analysis of Existing Conditions in the Mexican Caribbean
3.1.1. Protected Areas and Areas of Environmental Importance

(a) Protected Areas

82% of the study area is under legal protection, 77% is marine territory and 5%
terrestrial. There are six types of protected areas: federal Natural Protected Areas (NPAs),
state NPAs, Voluntary NPAs, fisheries refuge zones (FRZs), refuge areas for the protection
of aquatic species (RAs) and protected beaches (Figure 5). In total, 77 protected areas were
recorded in the area (Table 2). Some of these overlap, so that in the same location more than
one legal regulation is applicable, as is the case of refuge areas that are in federal NPAs
or FRZs.
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Figure 5. Protected Areas.

81% of the study area is part of a federal NPA, protecting 92% of the marine territory;
the rest of the territory is administered by the Law of National Waters and other laws, such
as the General Law of Ecological Balance and Environmental Protection (Ley General de
Equilibrio Ecologico y Proteccion al Ambiente, LGEEPA). Refuge Areas (RA) cover 32% of
the area, with their objectives focused on one or more species. There are two marine RAs in
the study area: one for the protection of the Whale Shark (north) and one for the protection
of Akumal Bay marine species (south). Both are located within a Federal NPA, and so their
protection programme is governed by the corresponding NPA Management Plan; Article
68 of the General Wildlife Law. The rest of the areas (state and voluntary NPAs; PRZs and
protected beaches) make up less than 2% of the study area, for example, state NPAs cover
1.32%, with the largest covering the forests and wetlands of Cozumel.

The objectives of the Fisheries Refuge Zones (FRZ) are to conserve and promote the
reproduction, growth and recruitment of fishery resources [41]. In the north these are:
(1) the FRZ Canal Nizug, in the municipality of Benito Judrez and (2) the FRZ Akumal, off
the coast of Tulum. In the first, no commercial, didactic, promotional, sport-recreational or
fishing for self-consumption is allowed of any species or aquatic flora and fauna. In the
second, fishing is allowed periodically, with specific fishing gear for commercial, sport-
recreational fishing, or for self-consumption.

Finally, voluntary NPAs and protected beaches together represent only 0.04% of the
study area. NPAs of this type are private properties, where the owners are interested in
conservation. In accordance with the law established by SEMARNAT, they are granted
a certificate. In the study area, these NPAs are terrestrial and owned by community
landowners, or “ejidatarios”. Protected beaches, on the other hand, are nesting sites for sea
turtles and are coordinated by a turtle camp, generally managed by CONANP or a civil
organization, under NOM-059-SEMARNAT-2010. They are guarded and monitored during
the nesting season (if they are not within an NPA).

(b) Areas of Environmental Importance

These are defined following studies involving national and international agencies,
with the aim of conserving and maintaining the connectivity of sites considered a priority
for hosting ecosystems and wildlife under threat. In the study site, three types of environ-
mentally important areas were identified: Sites of Marine Priority (SMP), Important Bird
Areas (IBAs) and RAMSAR sites (Figure 6). These cover 28.5% of the study area, mainly
marine territory (Figure 5).
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Figure 6. Areas of environmental importance.

The SMPs were defined in 2005, based on the Priority Marine Regions (PMRs) [42,43].
They are the result of collaborative work between various governmental organisations and
civil associations (CONABIO, CONANP, Pronatura and TNC), and aim to conserve sites of
coastal and marine biodiversity in Mexico. There are 11 SMPs in the study area, of which
two are entirely marine and nine are coastal, covering 24% of the study area. The “Coastal
Wetlands and the Continental Shelf of Cabo Catoche”, SMP 68, is the largest in the area
located in the municipalities of Lazaro Cardenas and Isla Mujeres (continental zone).

IBAs are part of an internationally initiated project that aims to create a regional
network of important areas for bird conservation [44]. Some are the result of collaboration
between governmental bodies and civil organisations (CIPAMEX, CONABIO and SEO
Birdlife). Seven IBAs are located in the study area, and it is worth noting that nearly half of
the bird species recorded in Mexico (483) have been recorded in Quintana Roo [45]. The
seven IBAs cover 9.7% of the study area, mostly terrestrial (60%). The entire islands of
Cozumel and Contoy are IBAs (Figure 6).

The RAMSAR sites are recognised internationally by the “RAMSAR Convention” as
being of international importance, and their objective is the conservation and wise use
of wetlands. All RAMSAR sites in the country have been designated as federal NPAs,
which is why they were considered as sites of environmental importance (since there is no
exclusive legislation for wetlands in the country). Eight RAMSAR sites are located in the
study area (Figure 6).

As with the protected areas, some of the sites of environmental importance overlap
spatially, which is why these areas could be considered to be more important, such as
the islands of Cozumel and Contoy, declared SMPs, IBAs and RAMSAR sites. 82% of the
surface area of environmentally important sites is a protected area.

3.1.2. Human Activities

(a) Tourist activities

Tourism is the activity that generates most employment and income in the state. It
is the core of the Mexican Caribbean economy and demand for energy here is high. The
region is known as the “Riviera Maya”, and has fourteen established tourist destinations on
the coast of Quintana Roo, of which six are located in the study area. These include Cancun,
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Mexico’s main “sun and beach” destination, and are known as Selected Tourist Centres
(STCs). They each have one, or more, of the following conditions: (1) over 2000 hotel room:s,
(2) permanent or periodically significant tourist inflows, (3) participation in the “Mundo
Maya” or “Centros de Playa” development programmes, and (4) are part of a tourist
complex planned by the Fondo Nacional de Fomento al Turismo (Fonatur). In 2018, the
six STCs in the study area received over 12 million tourists, 70% to Cancun [46] (Figure 7).

Human activities

A Mining

Tourism
» Selected tourist centers
4 Archa

® Sportfishing sites

*  Diving sites
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Fishing licenses

Lobster concessions
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Figure 7. Human Activities.

The STCs are also classified as “Beach Centres”, as the “sun and beach binomial” is
the fundamental feature of recreation and leisure in the study area [47]. The coastline of
the study area varies from solitary beaches to modern architectural complexes, including
hotels and marinas, where a range of leisure and recreational activities take place [48].

Beaches with and without certification were considered. In the study area, there are
23 certified beaches. Of these there are two types of certification: Blue Flag, an interna-
tional distinction awarded to beaches for their environmental education and information,
water quality, environmental management, safety and services; and secondly, the “Playa
Limpia Sustentable” certification, of the Mexican government, NMX-120, which defines the
environmental quality, health, safety and services for beach sustainability.

There are also 10 beaches without certification that are registered as “sites of tourist
interest” by the Mexican Institute of Transport in its National Road Network. (http://189.
254.204.50:83/ accessed on 1 November 2020). These are mostly in the south of the study
area, between Akumal and Playa del Carmen (Figure 7). Of the certified beaches, 43% are
located in Cancun, and 87% coincide with one of the six STS within the study area.

Diving in the study area is a high value activity that is growing in popularity. It
is closely related to the Mesoamerican Barrier Reef System. One of the dive magazines
most internationally circulated, “Scuba Diving Mag”, describes the Mayan Riviera as
a world-class diving destination, with Isla Mujeres and Cozumel defined as “Best Diving
Destinations” in the categories 1 arge animals and advanced diving, respectively [48-50].
Most dive sites are found off the coasts of Cozumel (34%), Solidaridad (19%) (mainly off
Playa del Carmen), Akumal (13%), Benito Judrez (13%), Isla Mujeres (11%) and Puerto
Morelos (7%) (Figure 7). Since there is no official repository of dive sites, the maps provided
by diving companies in the study area were used to identify 90 dive sites. All of these are
located within an ANP, so although the dive service is private, it is regulated by CONANP.

Sport fishing is a very important activity in the region and is regulated by CONAPESCA
and SEMARNAT. In 2017, 3373 permits were granted in Quintana Roo, representing just
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over half a million Mexican pesos as revenue for the state. The state was ranked nationally
in seco nd and fif th place, respectively, for number of permits and amount of money
collected [34]. Annually, Quintana Roo hosts at least 25 tournaments, 21 of which are of
international stature. According to the 2020 calendar published by CONAPESCA, 26 tour-
naments were planned in the state, of which 58% would be within the study area [32,51].
The study site has 13 of the 15 sport fishing locations reported in the state.

Finally, there are nine archaeological zones (A.Z.) in the study area, of which Tulum
is by far the most visited; in fact it is the third most important A.Z. in Mexico. the Na-
tional Institute of Anthropology and History (INAH) records the number of visitors to
archaeological sites, and figures for seven of the nine sites in 2018 are seen in Table 4.

Table 4. Number of visitors to archaeological sites 2018.

Rank Archaeological Zone Municipality Number of Visitors
1 Tulum Tulum 2,189,536
2 San Gervasio Cozumel 203,042
3 l\/é?;iill:/lgsuzrfl:f Benito Juarez 72,302
4 El Rey Benito Juarez 20,975
5 El Meco Benito Juarez 15,074
6 Xelha Tulum 2949
7 Xcaret Solidarity 134 *
8 Calica 0*
9 Playa del Carmen 0*

* Lack of registration of tourists at the site (Pers. Comm., 2021).

(b) Fishing

In the study area, fishing is both coastal and oceanic. In 2017, in Quintana Roo,
3800 tones were fished, with grouper being the species with the highest volume reported,
530 tones, followed by lobster, 490 tones. The total value of the production that year was
almost 200 million Mexican pesos. There are 2910 fishermen, 889 coastal vessels, 29 larger
vessels, and 10 fishing plants registered in the state [34].

In Quintana Roo there are nine areas where fishing is permitted and all of them
converge in the authorized environmental buffer zones of a natural protected area, so
they must comply with the provisions of the LGEEPA and the Management Plan of the
respective NPAs. There are 24 permitted fishing zones in force in the study area, 92% are
based in Puerto Judrez, 4% at the dock in Cozumel, and 4% at the dock in Isla Mujeres. 67%
of these permits are for fishing. 67% of permitted fishing is for deep-sea shrimp, 13% for
Caribbean lobster and sea scales, 4% for lobster and 4% for octopus.

CONAPESCA has extended the concessions for fishing cooperatives to carry out
commercial lobster fishing, which has become a growing market in Quintana Roo.

3.1.3. Infrastructure

(a) Port infrastructure

In the study area there are 20 ports for tourist, industrial, fishing, military and ferry
terminals, as well as 39 piers and 11 marinas. In 2018, Quintana Roo had eight registered
tourist marinas, with facilities for pleasure boats or yachts, both public and private (SCT
2014) and twelve berths for tourist cruise ships and ferries [46]. Six ports have cruise ship
docking infrastructure, three of which are on the island of Cozumel, the most important
tourist port in Mexico in terms of the number of ships that dock. In 2019 1366 cruisers
arrived, carrying 4,569,853 tourists [52]. Puerto Morelos is deemed a tourist destination
with port infrastructure, but it is exclusively for cargo, although there are plans to expand
it, to receive cruise ships.

Connections between the islands and the mainland are needed for the transport
of people, both tourists and workers. 10 ferry terminals exist, among which the most
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important routes are: Chiquila-Holbox; Canctin-Isla Mujeres; Isla Mujeres-Isla Contoy; and
Playa del Carmen-Cozumel (Figure 8). According to estimates from the port administration
agency [53], approximately 11 million passengers, tourists and local inhabitants [52], used
these ferries (Table 5). Given the uneven economic activity associated with COVID-19
mobility restrictions, the data for 2020 is poorly representative of normal maritime mobility
in the study area.
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Figure 8. Urban infrastructure.
Table 5. Maritime passenger movement.
2015 2016 2017 2018 2019 2020 2021
Cruises
Cozumel
Passengers 3,403,414 3,645,576 4,106,849 4,299,871 4,578,142 1,132,101 652,007
Arrivals 1079 1116 1243 1298 1366 371 354
Playa del
Carmen
Passengers 1471 NA NA NA NA NA NA
Arrivals 1 NA NA NA NA NA NA
Ferry
Cozumel 1,755,906 2,041,156 2,472,927 2,510,352 2,510,461 164,888 177,019
Isla Mujeres 2,020,530 2,296,185 2,496,192 2,831,118 2,935,381 85,181 147,950
Playa del 1,580,271 1,822,305 2,249,636 2,241,087 2,185,722 NA NA
Carmen
Puerto Juarez 1,912,346 2,184,002 2,319,399 2,707,187 2,757,898 NA NA
Punta Sam 111,770 123,651 166,582 133,431 239,030 71,434 135,287
Punta 128,514 138,072 153,380 160,612 202,440 NA NA
Venado

Source: CruisSource: Cruise and Ferry Data from 2015 to 2019 own elaboration with information obtained
from [52,54,55]. Cruise and Ferry data for 2020 to 2021 were obtained from [53,55]. NOTE: worldwide, cruise
activity was paralysed from January to May 2021, due to the Covid-19 pandemic [55].

(b) Urban Infrastructure

The study area contains 917 localities, with 1.4 million inhabitants, only nine of which
are urban: Cancun, Playa del Carmen, Cozumel, Tulum, Puerto Aventuras, Alfredo V.
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Bonfil, Puerto Morelos, Isla Mujeres and Zona Urbana Ejido Isla Mujeres. However, 98.7%
of the state population live in these centres. Similarly, of the total number of inhabited
private dwellings, 90% are in these areas (Table 6) [39].

Table 6. Rural and urban localities within the study area.

No. of Locations Total Population Homes
Rural 908 20,533 5948
Urban 9 1,393,346 443,546
Total 917 1,413,379 449,494

Source: own elaboration with information obtained from [39].

A motorway runs along the coastline in the study area, with occasional intersecting
roads giving access to the sea and inland. The main roads connect Cancun, Playa del
Carmen and Cozumel, where the major tourist developments are found. From the end
of the 19th century to the middle of the 20th century, railway lines were built mainly for
commercial transport, but they are all abandoned nowadays. Currently the “Tren Maya”
a railway line linking Cancun and Chetumal, and these two cities with neighbouring states,
is under construction, due to be completed in 2023.

3.2. Compatibility Analysis of Existing Activities in the Caribbean Sea

The results of the analysis showing compatibility and the number of spatial inter-
sections between the objectives of the 21 activities which currently occur in the study
area are shown in Table 7. Activities related to protected areas/areas of environmental
importance have objectives which are compatible with those in archaeological sites and
certified beaches. These are shown in green.

Poorly compatible objectives (yellow) are seen between the activities of protected
areas/areas of environmental importance with those of socio-economic activities, such as
tourism and fishing (Figure 9).
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Figure 9. Compatibility Map.
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Table 7. Interaction between compatibility (colours) and the number of spatial intersection (represented by “a” in Figure 4) between characteristics/activities. The
colours represent the degree of compatibility between the objectives of the characteristics/activities. Compatible objectives (green), Poorly compatible objectives
(yellow) and Incompatible objectives (red). Categories: 1: Natural Protected Areas and Environmental zones, 2, Human activities, 3. Infra structure.
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Objectives that are non-compatible (red) are related to protected areas/areas of envi-
ronmental importance with activities of tourist destinations, tourist beaches, marinas and
other port infrastructure (Figure 9). Incompatibility of objectives was also found between
tourist beaches and protected beaches (sea turtle nesting), as well as between port infras-
tructure, even piers and marinas, with other marine activities, such as diving and both
commercial and sport fishing.

With geospatial analysis, intersections between the types of activity and land uses in
a given area can be identified (Table 7, Figure 9). Table 8 summarises the percentage of
spatial intersections between characteristics and activities into two types: no intersection
(=0% intersections) or to some degree (>0% intersections), according to the degree of
compatibility of the land use objectives.

Table 8. Summary of the results of the interaction between compatibility and spatial intersection
(Table 7 and Supplementary Materials).

Degree of Compatibility

. Compatible Poorly Compatible Non-Compatible

Type of Intersection Objectives Objectives Objectives

No intersection 42.4% 33.1% 49.5%
Intersection o o o

(>0 to 100) 57.6% 66.9% 50.5%

Total 100% 100% 100%

There are two wildlife refuge areas in the study area that intersect completely with
the federal NPAs, the SMPs, the tourist destinations and the areas with lobster concessions.
The objectives and activities of the first two are compatible, but of the third and fourth the
objectives and activities are contradictory, and poorly compatible, respectively.

Regarding the port and urban infrastructure, there are 19 decks and 20 marinas for the
berthing of maritime transport in the study area. For decks, 15 coincide with federal NAPs,
11 are in SMPs, 12 in tourist destinations, and 16 in areas with fishing permits. 66.9% (see
Figure S1, Table 8) of the characteristics/activities of poor compatibility intersect in one or
more occasions. Tourist destinations and fishing zones are highly compatible with port and
urban infrastructure.

All Fishing Refuge Zones and Wildlife Refuge Areas intersect with Lobster Concession
sites, whose management objectives are poorly compatible (2 and 3 times respectively, see
Figure S1). The same is true for Permitted Fishing and Lobster Concessions (seven times,
Figure S1), which intersect in their entirety with Federal NPAs, which they have poorly
compatible management objectives.

50.5% of activities with non-compatible management objectives intersect on one or
more occasions. For example, the total number of Fisheries Refuge Zones (2) were found
to intersect with Selected Tourism Destinations (2), with which they have non-compatible
management objectives (Figure S1).

It was also found that some characteristics/activities which are seen in large land and
marine areas, such as federal NPAs, RAMSAR Sites and Marine Protected Sites have up to
100% intersections with other characteristics/activities in the categories: (1) protected areas
and areas of environmental importance and (2) human activities (Figure S1). However, these
intersections occurred with characteristics/activities with compatible conservation objectives.

3.3. Energy Needs of the Population

The municipality of Isla Mujeres is that with the highest percentage of households
without electricity (6.05%) in the study area, followed by the Lazaro Cardenas (3.58%) and
Tulum (2.35%) municipalities [36]. The spatial relationship of energy needs with social
marginalization shows that there is a high degree of marginalization in Lazaro Cardenas,
while the other municipalities have Low, or Very Low, degrees of marginalization [35]
(Figure 10, Table 9).
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Figure 10. Percentage of households without electricity.

Table 9. Municipalities in Quintana Roo with the highest percentage of inhabited private dwellings
without electricity and their degrees of marginalisation. Own elaboration with information ob-
tained from [35,36,39].

Number of
Inhabited Homes without Degree of Localities
Municipalities Private Electricity Mar irglalisation <10 km from the
Dwellings (%) 8 Coast with >100
Inhabitants
Isla Mujeres 5889 6.05 Low 6
Léazaro Cardenas 6991 3.58 High 2
Tulum 9385 2.35 Low 5
Solidarity 68,501 0.78 Very Low 11
Benito Juarez 221,950 0.78 Very Low 3
Cozumel 24,146 0.32 Very Low 7

The highest concentration of transmission grids, substations and power plants was
found in the municipality of Benito Juarez, followed by Solidaridad and Cozumel. Isla
Mujeres and Lazaro Cardenas are the municipalities with fewest of these features.

Analysis of the criteria of priority (greatest social benefit) and proximity (close to the
ocean) shows that in the three municipalities with greatest energy needs, Isla Mujeres,
Lazaro Cardenas and Tulum, there are 13 coastal localities with over 100 inhabitants that
are less than 10 km from the coastline (Figure 10, Table 9).

4. Discussion

There is ample evidence of a future crisis in energy based on fossil fuels [1,56]. Added
to this, greenhouse gas emissions, global warming and environmental contamination,
increase the need to develop alternative technologies that allow us to harness energy from
the ocean [3,56]. Energy from ocean currents is a promising option, given the widespread
availability of the resource, worldwide [5,6]. In Mexico today, large coastal areas are still
without electric energy supply, causing great socioeconomic inequalities [4,57].
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There are many types of devices being developed to harness ocean energy [56], and the
exploration of potential areas for energy harvesting must also be prioritised [27]. The ocean
currents in the Mexican Caribbean were analysed to find the areas where conditions are
most favourable for energy generation [4,57,58]. A subsequent geospatial analysis shows
the great diversity in terms of human development and biodiversity in the study area. In
82% of the study area, 77 NPAs and areas of environmental importance exist, overlapping
with each other. Legal regulatory instruments exist within these areas that establish the
activities that drive economic development and the generation of services. In some cases,
the objectives of the various activities that take place there are compatible, but in others
this is not so and can mean that environmental degradation is likely in protected areas.

In regard to human activities, tourist activities in the region are very diverse, from
beach visits to sport fishing and visits to archaeological sites. Limestone extraction, in
one specific area, near Playa del Carmen, in the municipality of Solidaridad is a special
case. Since 1986 the renovation of local, state and federal authorization has meant the
mining activities were expanded every 15 years. However, since 2016 these permits have
not been renewed, as the activity is incompatible with local regulations and with the 2009
ecological zoning policy of the municipality. In 2017 the environmental authorities partially
closed down a coastal rock mining following inspections of the site after an application for
a renovation of the permit was turned down. The main environmental damage caused by
the mining is the complete removal of vegetation.

Regarding existing infrastructure, it is important that any infrastructure related to
a marine energy generation project does not affect existing transport routes, nor put at risk
the activities currently taking place in the area.

Section 5 of the “Tren Maya”, the new rail line presently under construction, runs
through the study area, connecting Tulum, Playa del Carmen, Puerto Morelos and Cancun.
The infrastructure associated with the construction of the railway is severely modifying
subsurface water flows that are of utmost importance for the preservation of coastal wetlands.

Socio-environmental conflicts are defined as “mobilizations of local communities, so-
cial movements, which may include support for national or international networks against
particular economic activities, infrastructure construction or waste disposal/pollution,
whereby environmental impact is a key element of their claims” [59]. In the study area
there are several hotspots where there is already dissatisfaction with public policies associ-
ated with national level projects. Tourism and fishing depend on healthy ecosystems, as
scenic beauty and biodiversity are the main factors in the development of these activities.
On the other hand, these activities can produce negative environmental impacts if they are
not properly regulated. As an example, the Atlas of Environmental Justice [59] describes the
“recreational tourism” on Holbox Island, related to the “La Ensenada” project as a cause for
concern. A luxury tourism development was planned which would entail 70 community
landowners, or “ejidatarios” being dispossessed of their land with a payment of less than 5%
of the value of the land. Although the project has been stopped and the conflict is reported
to have ended in 2016, this area is vulnerable to this type of conflict due to its status as
a tourist attraction [60].

The second area of conflict is related to the “extraction of minerals and construction
materials”, classified as medium intensity, described earlier. The extraction of limestone
near Playa del Carmen from previously undeveloped areas of jungle has exceeding the
limits authorised and affected the communities living in the region. The main impacts are
pollution, loss of biodiversity, landscape degradation, water contamination [61].

As marine currents influence the distribution of commercially important species
and impact on the marine and coastal environment, a current energy project could only
be successful in an area where there are no repercussions for fishing, commercial and
recreational. Barcenas et al. [58] analysed the areas where marine energy harnessing would
be feasible in part of our study area, considering environmental conditions and a range of
floating and fixed devices. Their work, in front of Cozumel island suggests that the areas
with greatest potential are at 30-50 metres depth. They also examined the NPAs, land use
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policies of the area (one regional, for the Gulf of Mexico and the Caribbean, and the other
at local scale), shipping routes, infrastructure, tourist areas, military facilities, academic
and research institutions, concluding that restrictions are needed in these areas and that
it is important to take into consideration information from maps and internet pages for
decision making regarding possible marine energy projects.

In Mexico the environmental impact assessment of marine energy power generation
projects is still in process [62]. This work should be carried out prior to the installation of
any marine energy project to minimize anthropogenic impacts. The areas with greatest
need of electricity in the study area are in the north, Isla Mujeres, followed by locations in
the interior and centre of Lazaro Cardenas, and finally in Tulum, in the south (Figure 10,
Table 9). Any project focused on improving socioeconomic change needs the participation
of local actors for its acceptance, development and success. If it does not have this, socio-
environmental conflicts may arise which limit the possible benefits of the project.

5. Conclusions

With geo-visualization tools, a diagnosis was made of areas in which marine energy
generation is feasible as a way of ensuring environmental friendliness and economic
viability. The extraction of marine energy through currents, would require a stable, safe
physical space. Power generation projects must be able to be properly integrated into
existing socio-environmental processes, for example, in the case of diving and sport fishing
activities where safety must be guaranteed.

The development of human activities in the study area should be achieved by seeking
a positive impact on the populations with the greatest need for electricity. The generation
of electricity through ocean energy will have to coexist with economic activities both in the
marine and terrestrial space.

The results of the present work provide a tool for spatial and marine planning that
would enable the development and installation of such projects, that considers the needs
of all, without forgetting that a potential energy generation project can be seen as an
opportunity for socioeconomic development. This can serve as a basis for similar studies
in other parts of the world, and to enable decision-makers and stakeholders in Mexico to
make better use of the Mexican Caribbean’s biological resources for a fairer society and a
less polluted world.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land11050665/s1. Figure S1: Matrix 3 for the calculation of in-
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teristics /activities objectives.
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