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Abstract: Coral reefs and mangroves support rich biodiversity and provide ecosystem services that range from
food, recreational benefits and coastal protection services, among others. They are one of the most threatened
ecosystems by urbanization processes. In this context, we developed a conceptual framework for the management
of biodiversity and ecosystem services for these coastal environments. We based our workflow on two sections:
“Information base” and “Governance” and use the Puerto Morelos Coastal region as a case study for coastal
protection. Puerto Morelos is between two of the most touristic destinations of Mexico (Playa del Carmen and
Cancun) that has experienced an increase of population in the past four decades resulting in an intensification of
multiple threats to its ecosystems. We characterized the two ecosystems with a “Management Units” strategy. An
expert-based ecosystem services matrix was also described in order to connect mangroves and coral reef ecosystems
with the multiple beneficiaries. Then an ecosystem model (conceptual model and Global Biodiversity model) was
developed. The conceptual model was useful in understanding the interplay processes between systems regarding
the ecosystem service of “Coastal Protection”. The Global Biodiversity model evidenced the human-induced shifts
in the biodiversity for mangrove and coral reefs ecosystems. Also, a projection for 2035 of “best” and “worst”
scenarios was applied using GLOBIO3. A DPSIR conceptual framework was used to analyze environmental
problems regarding ecosystem services maintenance. Finally, we evaluated a set of policies associated with
these ecosystems that favor coastal protection integrity. This framework facilitates the identification of the most
relevant processes and controls about the provision of coastal protection service. It can also be useful to better
target management actions and as a tool to identify future management needs to tackle the challenges preventing
more effective conservation of coastal environments.

Keywords: Ecosystem services; Framework, Future scenarios; Marine; Public policies.

https://doi.org/10.1590/1676-0611-BN-2019-0901 http://www.scielo.br/bn


http://www.scielo.br/bn
https://orcid.org/0000-0002-9896-1015
https://orcid.org/0000-0002-5949-6659
https://orcid.org/0000-0002-7828-5910
https://orcid.org/0000-0002-1105-4894
https://orcid.org/0000-0002-8059-6304
https://orcid.org/0000-0003-2431-4146
https://orcid.org/0000-0001-9859-4406
https://orcid.org/0000-0002-1497-3298
https://orcid.org/0000-0003-0596-3597
https://orcid.org/0000-0002-9439-1094

Biota Neotrop., 20(suppl. 1): €20190901, 2020

Sanchez-Quinto, A. et al.

Desenvolvimento de um roteiro conceitual para a gestdo da biodiversidade e dos
servicos ecossistémicos no Caribe mexicano

Resumo: Recifes de coral e manguezais possuem rica biodiversidade e fornecem servigos ecossistémicos, tais como,
alimento, recreacgdo, protecao costeira, entre outros. Esses ecossistemas encontram-se entre os mais ameagados pelos
processos de urbanizagdo. Nesse contexto, desenvolvemos um roteiro conceitual para a gestdo da biodiversidade e
dos servigos ecossistémicos desses ambientes costeiros. Organizamos nossa sequéncia de passos de trabalho em duas
secdes: “Base de informagdes” e “Governanga” e usamos a regido costeira da cidade de Puerto Morelos (México)
como um estudo de caso para analisar o servi¢o de prote¢do de costa. Puerto Morelos encontra-se entre dois dos
destinos mais turisticos do México (Playa del Carmen e Canctin), e portanto sua populagdo vem aumentando nas
ultimas quatro décadas, resultando na intensificagdo de multiplas ameagas para os ecossistemas. Primeiramente,
caracterizamos os dois ecossistemas identificando-os como “Unidades de Gestdo”, detalhando seus principais
componentes e processos. Através de uma “Matriz de servigos ecossistémicos”, construida com base na opinido
de especialistas, foram sistematizados os principais servigos ecossistémicos prestados pelos manguezais e recifes
de corais aos multiplos beneficidrios. Em seguida, foi desenvolvida uma modelagem do sistema (e ecossistemas)
através de sua representagdo na forma de um modelo conceitual e um modelo numérico de Biodiversidade Global. O
modelo conceitual facilitou a compreenséo dos processos de interacao entre sistemas em relagéo ao servigo “Protecao
Costeira”. O modelo numérico evidenciou as mudangas induzidas pelo homem na biodiversidade dos ecossistemas
de manguezal e recifes de coral. Além disso, uma proje¢do dos cendrios “melhor” e “pior” foi desenvolvida para
2035 usando GLOBIO3. A Estrutura conceitual DPSIR foi aplicada para analisar problemas ambientais relacionados
a manutengao dos servicos ecossistémicos. Finalmente, avaliamos um conjunto de politicas publicas associadas a
esses ecossistemas e que favorecem a integridade da protegdo costeira. Portanto, o roteiro facilitou a identificag@o
dos principais processos e controles para a provisdo de um servigo ecossistémico. Além disso, pode ser 1til para
direcionar melhor as a¢des de gerenciamento, bem como, uma ferramenta para identificar necessidades futuras de
planejamento e gestdo para enfrentar desafios que permitam uma conservag@o mais eficaz dos ambientes costeiros.

Palavras-chave: Cenarios futuros, Marinho, Politicas publicas; Roteiro; Servi¢os ecossistémicos.

Introduction

Coastal and marine ecosystems are the most productive environments
on the planet (MEA 2005) and are also the most threatened by the
urbanization process. It is estimated that about one-third of mangrove
forests and one-tenth of coral reefs in the world have been lost (Brown
2006). The list of ecosystem services provided by these environments
is extensive (see Barbier et al. 2008, Liquete et al. 2013, Barbier 2016,
Guannel et al. 2016) and includes water, food, climate regulation, nutrient
cycling and different recreational, spiritual and aesthetic benefits (MEA
2005, TEEB 2010a, TEEB 2010b, Diaz et al. 2018). It is essential to
understand the effects of the urbanization process on such relevant areas
given that these are uniquely productive and biodiverse ecosystems
providing ecosystem services to support human well-being.

The ‘Ecosystem Services’ concept has evolved over the years with
definitions on either the ecological basis and the socio-economic uses
(Granek et al. 2010). According to MEA (2005), it can be defined as
“benefits that people derive from ecosystems”. It also can be defined as
the main benefits (e.g. services, materials, provision) that the ecosystem
provides to the socio-economic activities that are dependent on it. In
order to manage and to conserve the ecosystems (and their services),
incorporating both conservation and development, Ecosystem-Based
Management (EBM) has been proposed as a valuable strategy (Barbier et
al. 2008). This approach focuses on ecosystem services since they reflect
social goals, values, desires, and benefits. The inclusion of ecosystem
services into holistic management strategies improves management by
better capturing the diversity of positive and negative human-natural
interactions and making explicit benefits to society (Kelble et al. 2013).

http://www.scielo.br/bn

The EBM approach deals with the management and the sustainability of
human activities to maintain the ecosystem services generated by coastal
ecosystems (McLeod & Leslie 2009, Dasi 2011, Arkema et al 2015).
The anthropogenic threats that result from different human activities
are numerous and particularly harmful to coastal ecosystems, which are
influenced by activities on land (terrestrial and freshwater), along the
coasts, and in the ocean (Halpern et al. 2008). According to Halpern et
al. (2008), when management planning and implementation within a
sector considers the effects of an activity on a habitat or other ecosystem
components, it is only to the overall goals for that sector. However,
a holistic view of multiple impacts affecting the entire ecosystem is
necessary for effective management of several ecosystem services.
Coastal ecosystem responses to climate change and anthropic stressors
are extensively studied, showing changes in ecosystems landscape
and biodiversity (Duke et al. 2007, Barbier et al. 2008, Feller et al.
2017). However, management actions on the whole coastal landscape
have been infrequent (Hoegh-Guldberg et al. 2008, McClanahan et
al. 2015, Weijerman et al. 2015). Accordingly, an EBM framework
is useful to mitigate the current and potential impacts of urbanization
on coastal ecosystems. Mangroves and coral reefs, for example, are
coastal systems that are impacted by overexploitation of fishery stocks,
habitat degradation by human activities, SCUBA diving and boating,
aquaculture, water pollution and eutrophication, land conversion, invasive
species and the effects of climate change (Figure 1) (FAO 2008, Feller
et al. 2017, IUCN 2018, Pelage et al. 2018). These drivers threaten
the socioeconomic sustainability of activities derived from the coastal
ecosystem services and could cause, in some cases, severe ecological losses
at different spatio-temporal scales (Duke et al. 2007, Feller et al. 2017).
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Figure 1. Representation of the anthropogenic impacts on coastal ecosystems. This scheme is based in Puerto Morelos, Mexico system and its human activities.
The main anthropogenic impacts in Puerto Morelos are: sewage, urbanization (tourism, land-use change), fisheries and port activities.

In this context, the principles of EBM have often been defined and
applied to these ecosystems to aid their conservation and optimize
decision-making strategies (Yailez-Arancibia et al. 2013). EBM may
help to maintain ecosystem services by identifying possible scenarios
that can be adopted by policy/decision-makers thereby encouraging
sustainable development.

In order to apply and describe some insights of the EBM strategy,
we used the case study of Puerto Morelos, a town in the south-east of
Mexico. This town is located in the Mexican Caribbean, a popular tourist
destination experiencing a rapid urbanization process. In Puerto Morelos
is located the national park Parque Nacional Arrecife de Puerto Morelos
(PNAPM), which hosts a mosaic of ecosystems (such as wetlands,
seagrass, coastal lagoons, coral reefs, and mangroves), resulting in
one of the most biodiverse regions of the Caribbean (Miloslavich et
al. 2010). Mexico has a legal framework for coastal ecosystems that
include laws, official norms, and programs that establish the regulations
for the conservation, sustainable use and restoration of coastal wetlands
in mangrove areas. For the coral reefs ecosystems, there are guidelines
promoted by the Management Program of Puerto Morelos National
Park (INAFED 2019). There is also the International MRS Leadership
Program for sustainable use of resources, that through the Safeguard

https://doi.org/10.1590/1676-0611-BN-2019-0901

Zone, called Coral Reefs of the Gulf of Mexico and the Mexican
Caribbean, encourages partial reef protection, since hydrocarbon
exploration and extraction activities are prohibited (Costanza et al. 2014,
Perez-Cervantes et al. 2017). In addition, the production of technical
and scientific data about components and processes (i.e. biological,
ecological, social and economic) for coral reef and mangrove ecosystems
across the Caribbean has increased exponentially in recent years.

Given the above statements, it becomes increasingly necessary to
apply scenarios for identifying future strategies capable of promoting
conservation actions, sustainable use and avoid habitat degradation.
Additionally, it is pivotal to assess whether the changes in biodiversity
and ecosystem services, driven by socio-economic pressures, are
covered by robust protection policies. In this context, this study aims
to design and describe a pathway to develop an EBM framework for
coastal ecosystems. This article examines practical experimentation
of the intersections between science and policies for the mangroves
and coral reefs in Puerto Morelos, Mexico. We use available data for
strengthening policy formulation and implementation by decision-
makers. This could help ensure the conservation and sustainable use
of ecosystem services in coastal regions, enhancing the ecological
relevance and human well-being.

http://www.scielo.br/bn
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Material and Methods

1. Study area

The case study was performed for Puerto Morelos, in the north of
Quintana Roo state, Mexico. This town is located between Cancun and
Playa del Carmen, which are the most popular coastal tourist destinations
of Mexico in the Caribbean (Coronado et al. 2007) (Figure 2).
Puerto Morelos retains part of its original features as a fishing village.
In addition, the massive tourism it received in the recent years, impacts
from urbanization, agriculture and drainage are already noticeable
(Figure 1). The coral reef barrier is a touristic attraction and is protected
by the Parque Nacional Arrecife de Puerto Morelos (PNAPM) (located
between 20°0°0”N, 86°53°14.4”W and 20°48°33”N, 86°46°38.9”W),
which covers an area of 9066 ha (SEMARNAT 2016). The Puerto
Morelos reef extends parallel to the coast with three structural zones;
(1) The reef lagoon, between the reef and the coast, with the bottom
mainly covered by seagrass macroalgae and calcareous sand; ii) The
reef ridge, between the lagoon area and the reef, covering the larger
area with scleractinian coral diversity, and areas with grassland and
seaweed; and, iii) The frontal reef, found in shallow waters, covered
by corals and coral rubble and dominated by the species Acropora
palmata (Lamarck 1816) (Jordan-Dahlgren 1979, Sanchez-Quinto
& Falcon 2019). Economically, around 60% of the local population
depends directly or indirectly on the reef’s ecosystem benefits services.

Among the various ecosystem services that coral reefs provide, the
economic activities related to the categories of cultural and supporting
ecosystem services stand out the most. The main users of these services
are nautical tourists (looking to dive, do snorkeling and fishing, etc.)
and fishermen (Figure 1).

Due to the location and natural attractions, Puerto Morelos’
population has been growing rapidly. Between 1980 and 2010, the
population has increased from 222 to 9188 inhabitants (Jordan-Dahlgren
& Rodriguez-Martinez 1998, Carabias-Lillo 2000, INEGI 2010,
Gomez 2020), and currently reached approximately 37000 inhabitants
(INAFED 2019). This fast population increase is not always followed
by basic infrastructure services (such as sewage treatment, land use
regulation, etc.) and could lead to coastal ecosystems degradation. The
sewage treatment is limited and most of the population are served by
septic tanks. The remaining waste is taken to one of the three primary
treatment plants where the water is treated and pumped about 60 m
deep into the soil (Hernandez-Terrones et al. 2011).

The two villages (coastal/touristic and urban/local population
zones) of Puerto Morelos are surrounded by coastal vegetation
including mangroves, and the increasing population threatens
this ecosystem as well. Tourism has increased so quickly in
recent years that hotel capacity grew from 3638 to 5500 rooms
between 2008 and 2018, reaching more than 7000 rooms by 2020
(Comunicaciéon Social de Puerto Morelos 2019, Gomez 2020).

Figure 2. Study area. Upper left panel: Mexico with a highlight in the study area; Bottom left panel: Satellite Image of Puerto Morelos showing its proximity with
two main touristic localities (Cancun and Playa del Carmen); and Right panel: Location of Puerto Morelos, Quintana Roo in the Mexican Caribbean, where (A), (B),
(C) and (D) show the areas used in the GLOBIO3 model to calculate the vegetation cover. The numbers represent the location of the coral reef areas: (1) Limones,
(2) Bonanza, (3) Tanchacte, and (4) Jardines. Source: Google Earth (Landsat/Copernicus).
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Moreover, it is expected that the construction of 2000 residential units
and eight lodging centers nearby a protected land, constituted for
forests of red mangrove (Rhizophora mangle) (Linnaeus 1753), button
mangrove (Conocarpus erectus) (Linnaeus 1753) and chit palms
(Thrinax radiata) (Lodd 1830) (CONABIO-CONANP-TNC-Pronatura
2007) will start soon. Moreover, similar to the urban areas described,
most hotels do not have proper sewage treatment with the larger hotels
pumping the treated water into the aquifer (70 - 100 m).

2. Practical experimentation strategy

The methodological approach used for Puerto Morelos in this
study was partially based and adapted from Asmus et al. (2018).
In order to establish an ecosystem information base that supports
integrated management, our method consisted of four sections: 1) the
identification of ecosystems as management units; 2) the identification of
the ecosystem services (ESM); 3) the ecosystem modeling (Conceptual
model and Global Biodiversity model); and 4) the identification of
the management sectors (DPSIR and Policy assessment). (Figure 3).

Figure 3. Methodological sections adapted for Puerto Morelos study case, modified
from Asmus et al. (2018), . Within the information base section we followed: the
identification of the ecosystems as management units; the identification of the
ecosystem services (ESM); and the ecosystem modelling (Conceptual model
and Global Biodiversity model). Within the Governance section, we included the
identification of the management sectors (DPSIR and Policy assessment).

In all sections, a comprehensive bibliographic review was performed to
guarantee the theoretical basis, revealing the concepts and definitions that
guided the scope of the investigation and results interpretation. The main
ecosystem service provided by mangroves and coral reefs identified was
“Coastal Protection”. These two ecosystems protect coastal areas and their
population from the effects of waves, storms, rising seas, among others.
Through these sections, the elements in the ecosystem information base
are defined to understand the ecosystems and the different connections
between their main components and processes responsible for coastal
protection. The last two subsections (DPSIR and Policy Assessment)
bring the elements of management and governance that result from an
analysis of the ecosystem information base, together with assessments

https://doi.org/10.1590/1676-0611-BN-2019-0901

of existing policies for ecosystem protection and management.
Nevertheless, the definition of values and qualities from Asmus et al.
(2018) were omitted given the theoretical scope of this proposal, as
we have not worked directly with the social actors to understand their
perception of values in relation to services that might benefit their local
communities.

2.1. Identification of ecosystems as “Management Units”

To identify and characterize the focal coastal ecosystems (i.e.
mangrove and coral reefs) as management units, we applied a strategy
to capture the knowledge of different experts on a particular topic, a
commonly used procedure to fill gaps in scientific research (Krueger et
al. 2012, Martin et al. 2012, Nordlund et al. 2016). We used this approach
to acquire information on ecosystems and the different aspects related
to socioeconomic activities (ecosystem services, uses and benefited
actors), as well as initiatives and strategies for coastal management in
Puerto Morelos.

2.2. Ecosystem Services Matrix (ESM)

Following the identification of ecosystems as “management
units”, we developed an ESM. The ESM was developed in order to
visualize the connection between mangrove and coral reef ecosystems
and their diverse beneficiaries, taking into account the activities
developed in each ecosystem and the use of ecosystem services for
human well-being. First, we identified the different services provided
by each ecosystem, recognizing its corresponding ecosystem service
category based on the Millennium Ecosystem Assessment (MEA 2003)
classification. The four categories are: 1. Support: those required
for the maintenance of other ecosystem services, such as nutrient
cycling and ecological corridors; 2. Provision: products obtained
from ecosystems (such as food, wood and medicinal products); 3.
Regulation: related to the regulatory characteristics of ecosystems
(such as air quality maintenance, erosion control and climate); and, 4.
Cultural: related to human values and behaviors linked to ecosystems
(such as contemplative and spiritual values and social relations).
Second, the various benefits and beneficiaries were listed. Finally, all
the information collected was organized in a table, allowing for the
identification of the different ecosystem services from mangroves and
coral reefs and their importance to people in the study area.

2.3. Conceptual model

Once the management units were characterized and the main
ecosystem service identified, we developed a conceptual model
(Figure 4). The diagram of the conceptual model was drafted to
understand the interplay of the coastal processes, namely, the ecosystem
services of “Coastal Protection” and interactions with the ecosystems
and the environmental and socio-economic components. The structure
of the conceptual model allows an understanding of the system in
its organizational base, where several simultaneous processes occur.
After mapping the ecosystems and their services, as well as the actors
involved, and how they interact with the ecosystems, the conceptual
model was also used to understand the methods developed in this
proposal, by describing the processes through a diagram (Figure 4),
as follows:

http://www.scielo.br/bn
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Figure 4. Conceptual model representing the main components (boxes) and processes (numbered circles), based on the coastal protection, as the main ecosystem
service in analysis in Puerto Morelos, Mexico. Six processes within the Coastal Zone (orange box) were identified (black arrows indicate direct interaction). Process
1: Ecosystem services provided by mangroves and coral reefs to society (blue box). Process 2: Pressures and the drivers affecting mangroves and coral reefs (grey
box). Processes 3 and 4: The connection between the ecosystems and the activities in the coastal zone that directly affects the coastal protection service (green box).
Processes 5 and 6: The ecosystem-based information used as a tool to support government management decisions (orange line and orange box) and the creation of

new policies aiming the conservation of ecosystems (orange arrow).

Process 1: Refers to services provided by mangroves and coral
reefs to society. An Expert-Based Ecosystem Services Matrix, Global
Biodiversity model, and DPSIR framework were applied as tools for
the characterization of the ecosystems within Puerto Morelos.

Process 2: The activities carried out in the coastal zone can impact
ecosystems and thereby affect (even causing loss) on the “coastal
protection” service. Therefore, we identified some of the main pressures
and drivers affecting mangroves and coral reefs. Despite the fact that
climate change is an important driver, in this study we focused on direct
human-effects (mainly the urbanization process) to evaluate how these
activities cause pressure in the ecosystems and threaten their services.
The DPSIR framework and the GLOBIO model were used to link the
current state of the ecosystems with potential future scenarios.

Processes 3 and 4: The connection between the ecosystems and
the activities in the coastal zone affects directly the coastal protection
service, among others coastal ecosystem services. Hence, to identify
these influences on human well-being (benefits and actors benefited),
we used an Expert-Based Ecosystem Services Matrix, which provides
a qualitative database for the analysis. Moreover, a DPSIR framework,
policy assessment and a Global Biodiversity model are crucial to identify
the best scenario as possible for maintaining the coastal protection service.

Processes 5 and 6: All the characterization from the Expert-Based
Ecosystem Services Matrix, the Global biodiversity model, the DPSIR
and policies, were used to obtain the ecosystem-based information.

http://www.scielo.br/bn

The policies could be used as a tool to support government management
decisions (Process 5). Thus, the government will have the background
information to reinforce or enact new policies in order to conserve ecosystems
and their ecosystem services (such as coastal protection) (Process 6).

2.4. Global Biodiversity Model

The next step was to identify the pressures over the biodiversity
of both mangrove and coral reefs ecosystems. For this, we applied
the Global Biodiversity model (GLOBIO3; Alkemade et al. 2009) as
a proxy for understanding the impacts of ecosystem degradation on
the ‘Coastal Protection’ service by modeling the loss of biodiversity
in both ecosystems over a decade and for predicting future scenarios
(optimistic and pessimistic) for the next two decades. The mean species
abundance (MSA) relative to their abundance in a reference condition is
used as an indicator of biodiversity. The MSA computes the average of
remaining species abundance in disturbed circumstances in relation to
the equivalent in an undisturbed control condition by scaling between one
(undisturbed or primary ecosystem) and zero (disturbed ecosystem). The
driver of biodiversity loss considered herein for terrestrial ecosystems
(mangroves) is land-use change (MSALU). For the coral reefs, we used
a similar approach using coral cover change to assess the impacts of
human activities on this ecosystem. MSA values are categorized as
follows: 0 <0.20 low; 0.21 — 0.40 relatively low; 0.41 — 0.60 medium,;
0.61 — 0.80 relatively high; and 0.81 < 1 high (Trisurat et al. 2010).

https://doi.org/10.1590/1676-0611-BN-2019-0901
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Our framework includes terrestrial (coastal vegetation) and
marine (coral reefs) ecosystems. The coastal vegetation was defined as
‘mangroves’ since mangrove species, such as R. mangle, Laguncularia
racemosa (Volkmar 1979), Avicennia germinans (Linneo 1764),
and C. erectus, are the dominant vegetation in the analyzed area.
Although occurring in surrounding vegetation in a smaller proportion
(evergreen tropical forest) (Vazquez-Lule et al. 2009), we restricted
the term naming mangroves as the main terrestrial ecosystem supplier
for coastal protection (our target ecosystem service). For analyzing
mangroves data, we selected an inland area in front of the reef barrier
using Landsat images from Google Earth Professional?, and determined
four adjacent areas of 5 km? inside the selected inland area (Figure 2).
We set the reference condition as 2005 and calculated the total area
of mangroves cover (i.e. the undisturbed area) using the polygon
tool. Additionally, we considered the other areas with more than 80%
built up disturbed as urbanized, even if it still had some sort of sparse
vegetation between constructions, following the same parameters of
the GLOBIO3 (Alkemade et al. 2009). To obtain MSA values for each
area, we multiplied the total area (in km?) of each category (i.e. intact
forest or urbanized area) to the corresponding MSA values from
Alkemade et al. (2009) (i.e. vegetated areas - 1.0; built-up areas - 0.05).
Both values were then summed and divided by the total area (5 km?),
generating a MSA value ranging from 0 to 1. Cumulative changes were
thus computed to the reference condition in 2005, as well as for the years
0f 2008, 2011 and 2014.

Concerning the marine system, for the coral reefs we considered
the reduction of coral cover in four different areas: Limones, La
Bonanza, Tanchacte, and Jardines (Figure 2). GLOBIO3 is designed
mainly for terrestrial ecosystems, with an adaptation available
for inland water ecosystems (Janse et al. 2015) allowing us to
modify some analysis to be useful for marine ecosystems as well.

Instead of analysing satellite images, our proposed modification relied
on a meta-analysis of published data on the different areas of coral
reef cover in the same years used for mangroves (2005, 2008, 2011,
2014). Therefore, the coral cover was analysed for the same years
as mangroves, using data obtained from Banaszek & Alvarez-Filip
(2014) and Alvarez-Filip & Banaszek (2016).The percentage of area
with and without coral cover was also used. To obtain the MSA values
for each area, we adapted the resilience index estimated by Ladd &
Collado-Vides (2013) for each of the four sites studied. These indexes
applied local empirical data based on broad and local-scale indicators
that influence ecological processes, anthropogenic impacts, biological
variables and physical variables of coral reefs. These include ‘Fishing
Pressure’, ‘Contamination/Pollution (%N and N:P)’, ‘Land-based
Anthropogenic Impacts (3'°N)’, ‘Anthropogenic Physical Impacts
(Tourism Intensity)’, ‘Herbivore Biomass’, ‘Abundance of Invasive
Species’, and so on (see Ladd & Collado-Vides 2013 and the original
concept in Maynard et al. 2011). Scores obtained from the resilience
index (which ranges from 0 to 100) were weighted from 0 to 1 and
assigned into coral-MSA values. We considered the areas with coral
cover to have the highest coral-MSA (i.e. 1.0, as those areas are
equivalent to an intact forest) and the areas without coral cover were
multiplied by the resilience index equivalent to the area of study
(Limones: 0.94; La Bonanza: 0.68; Tanchacte: 0.75; and Jardines: 0.82).
Thus, values of each coral reef were summed and divided by the total
area, resulting in the MSA value for the coral reef.

After modeling values for both terrestrial and marine ecosystems
over the last decade, we also generated two future scenarios for both
ecosystems. The scenarios were projected to 2035, two decades after the
observed values in order to make predictions of optimistic and pessimistic
scenarios, and to consider a period where more effective ocean governance
is implemented by taking actions to mitigate biodiversity loss (Figure 5).

Figure 5. Theoretical past and future scenarios for mangroves and coral reefs in Puerto Morelos. In light grey, besides draw schemes (mangrove and corals) are the
"current"conditions (left), representing the changes in vegetation and coral cover for the last 10 years (see GLOBIO3 results). The two future scenarios representing
projections for a Best Scenario’ (top, in green) in which conservation laws are strengthened and Puerto Morelos acts towards sustainable policies; and a “Worst

Scenario’, which is the maintenance of current actual policies (bottom, in reddish).

https://doi.org/10.1590/1676-0611-BN-2019-0901

http://www.scielo.br/bn



Biota Neotrop., 20(suppl. 1): €20190901, 2020

Sanchez-Quinto, A. et al.

Given the above, we projected: (1) the effects of policy implementation
for sustainable development (best scenario - 2035-B); and, (2) the effects
of maintenance of current policies (worst scenario - 2035-W).

To project the best scenario (2035-B) for mangrove vegetation,
we calculated an increase of 10% of the vegetated area compared to
the last assessed year (2014) and calculated the expected MSA to
2035. The National Policy of Seas and Coasts of Mexico includes
regulation on the need of reverting the damage inflicted to marine
and coastal ecosystems. Furthermore, this is a possible scenario
since technology has been developed for mangrove rehabilitation
with improved results and reduction of costs (see Dale et al. 2014
for a revision on this theme). We consider that this value could be
achieved if conservation policies were applied in the following years
(i.e. through mangrove restoration). For coral reefs, we calculated the
gain of coral cover in 10 years (from 2005 to 2014) for Limones, which
had the highest coral cover recovery (25%) according to Alvarez-
Filip & Banaszek (2016). This value was divided by 10 (according
to the period 2005-2014), representing an annual cover recovery of
2.5%. We then applied this value of annual coral cover increase in
all studied areas for the period of 2015 to 2035, obtaining the coral
cover for the best future scenario. We considered the 25% value due
to empirical data occurring in the last decade, that represents a realistic
recovery value under compliance of coral reef conservation policies
and actions. However, it is important to note that this “best scenario”
may be conservative, as a 25% increase occurred in circumstances of
little effort invested for conservation of coral areas in Puerto Morelos.
Finally, to project the worst scenario (2035-W) for both mangrove
and coral reefs, we calculated the linear regression equation (based
on the MSA values from 2005, 2008, 2011 and 2014) and projected
the trend to 2035. Finally, we named this scenario ‘worst’ because
our data analysis reveals a trend in relaxation of conservation laws
and unsustainable tourism.

2.5. Drivers — Pressures — State — Impact — Response (DPSIR)
framework

The DPSIR framework was performed in the identification of the
management sectors to analyze environmental problems regarding
ecosystem services maintenance. DPSIR is a conceptual framework
model widely applied to different case studies in management to
solve problems involving environmental changes driven by socio-
economic pressures with the required actions to mitigate adverse
impact on ecosystem goods and services (Zaldivar et al. 2008, Gari
etal. 2015, Patricio et al. 2016). In our specific case study, the DPSIR
model was elaborated for “coral reefs” and “mangroves” ecosystems,
identifying the socio-economic activities that are direct and/or indirect
forces generating transformations of these environments (Tourism/
Recreation, Urbanization, Fishing, Port Activity). The “drivers” were
considered as possible activities that substantially affect the coastal
environments. The “pressures” were considered as the anthropogenic
factors inducing environmental changes. The “state” was considered
to be the conditions that generate pressures on each part of the
environment. The “impacts” correspond to the negative effects of the
pressures in these ecosystems. Finally, “response” encompasses the
solutions proposed to mitigate or modulate the effects of the “drivers”
in the ecosystems.
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2.6. Policy assessment

To provide the required knowledge for the governance stage, we
first identified and compiled the Mexican government’s environmental
management tools, including the legal and normative instruments related
to the studied ecosystems. These policies were assessed adopting three
groups of indicators in which the legal framework were addresses: 1)
incorporation of ecosystem services approach (defining or not guidelines
and actions about coral reefs and coastal vegetation); ii) association with
economic activities and land/marine use change (urbanization, ports and
navigation, tourism, fisheries); and, iii) attention to climate change effects.
‘We then analyzed the policies related to our study case in three different
levels of management: Federal (Mexico), Regional (Quintana Roo State)
and Local (Puerto Morelos Municipality). The analysis of the legal
framework was focused on policies and tools that directly or indirectly
support conservation and sustainable management of marine and coastal
areas in Mexico (coral reefs and mangroves as the main target); and/or
address anthropogenic and natural drivers of change in these systems.

This evaluation of the legal framework enables support to decision-
making processes and defines scenarios of conservation policies while
identifying gaps in current design of the management instruments.
It also assesses possible options to address policy formulation and
implementation to further sustainable development.

Results

The designed pathway to catalyze the development of ecosystem-
based management framework for coastal ecosystems and applied in
the mangroves and coral reefs ecosystems in the National Reef Park of
Puerto Morelos is described as follows:

1. Identification of ecosystems as “Management Units”

Mangrove forest global distribution occurs in a transition zone
between terrestrial (low-lying coastal areas) and marine (inter-tidal zones)
ecosystems and are confined between subtropical latitudes, generally
delimited by the 20° C isotherm of seawater (Alongi 2009). Mangroves
are highly productive ecosystems, host a great biological diversity (several
species of birds, fish, crustaceans, molluscs, amphibians and others),
and provide a wide variety of ecosystem goods and services for human
well-being and coastal and marine ecosystems. For instance, mangrove
forests provide feeding, shelter and nursery for biodiversity; raw materials
(fuel and wood), fishery production supporting, aesthetic and recreation
services, flood control, saline intrusion mitigation, erosion control,
coastal protection, water quality, and maintenance of natural processes
such as sedimentation and responses to sea level changes (Valiela 2001,
SEMARNAT 2003, CONABIO 2006). Mexico is the fourth most
mangrove-rich country with cumulative percentages of about 741,917
ha (Giri et al. 2011). In turn, the Yucatan Peninsula Region accounts
for 55% (423,751 ha) of the total mangrove extension. These forests
are predominantly composed of four halophyte tree species (tolerant to
salinity) (R. mangle, L. racemosa, A. germinans and C. erectus).

Coral reef ecosystems are globally confined between the Tropics
of Cancer and Capricorn (Dubinsky & Falkowski 2011). Coral
reefs are marine communities of shallow waters near the coast,
dominated by a great diversity of corals, algae, invertebrates, microbes
and fishes (Lesser et al. 2018, Sanchez-Quinto & Falcon 2019).
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They have ecological importance in coastal dynamics by preventing
erosion and decreasing the force of waves, as well as being the most
effective protection structure against the strong effects of tropical storms
and hurricanes. Corals are essential within the ecosystem since they
carry out different functions as primary producers, reef builders, filters
and predators. Coral reefs also provide several ecosystem services
related to breeding, shelter, feeding and reproduction of many species
of invertebrates and vertebrates with commercial importance for the
Mexican population (Moberg & Folke 1999, Woodhead 2019). In
addition, they provide recreational activities, coastal protection, soil
formation, climate mitigation, aesthetic and cultural benefits, among
many others. In the Yucatan Peninsula, the distribution of corals is
found from Contoy Island to Banco Chinchorro. In the National Reef
Park of Puerto Morelos, corals form barrier reefs parallel to the coast
(Coronado et al. 2007, Aguilar et al. 2008).

2. Identification of the Ecosystem Services (Ecosystem Services
Matrix)

The systematization of the collected information into the Ecosystem
Services Matrix revealed 16 services provided by mangroves and
14 services by coral reefs (Table 1). The matrix also shows that
several social actors are benefited by ecosystem services, ranging
from fishermen to local community to pharmaceutical industry.

The highest number of beneficiaries (six) registered was related to the
regulation ecosystem services category as the services of “sediment

CLETS

regulation”, “hydric balance”, “carbon sequestration and storage”
and “extreme events mitigation” which encompass benefits such as
water quality, flood control, erosion control and coastal protection.
These provide extremely important contributions to the sustenance
and maintenance of all activities developed inside and adjacent to the

study area.
3. Conceptual model

The conceptual model shows a fragment of the coastal zone with
the presence of ecosystems (coral reefs and mangroves) and different
socioeconomic activities (such as: tourism, urbanization, recreation, etc.)
(Coastal Zone box) (Figure 4). Although these activities obtain benefits
from ecosystems through the provision of several products and services
(Process 1), they act as Drivers, affecting the ecosystems and their
benefits (Process 2). One of the important services that coral reefs and
mangroves provide through their functions (Ecosystem box) is “coastal
protection” (Process 3), which facilitates the development of diverse
socioeconomic activities and in turn, benefit different social actors (such
as: citizens, tourists, fishermen, port workers, among others.) (Process 4).

The ecosystem-based information, including all the ecological
and socioeconomic relationships, supports management (Process 5).

Table 1. Ecosystem services matrix for the mangroves and coral reefs in Puerto Morelos, Mexico. The matrix components are based on MEA 2003.

MEA SERVICES BENEFITS BENEFITED ACTORS
MANGROVES  Support Base for biodiversity, nursery, Ecosystem itself and fisheries Fishermen; General and local
nutrient cycling, physical space activities community

Regulation Sediments regulation (retention Water quality; flooding control, General and local community;
and export), nutrients and erosion control (shoreline Urbanization; Tourism; Port sector;
sediments filtration, hydric stabilization), climate control Fishermen
balance, carbon sequestration and ~ (mitigation and adaptation); air
storage, moderation of extreme and soil quality; coastal protection,
events storm protection storm protection

Provision  Medicinal resources, biomass Raw materials for pharmacy, Pharmaceutical Industry,
production, vegetable fibers, fisheries, agriculture and Fishermen General and local
timber, sediment stock, wood construction community,

Cultural Landscape, social relationships and Education, tourism, recreation, General and local community,
spiritual values fisheries activities, identity, NGO's, educational institutions

contemplation
CORAL REEFS  Support Base for biodiversity, nursery, Ecosystem itself Fishermen, General and local
nutrient cycling, soil formation community

Regulation Sediments regulation (retention Water quality; flooding control, General and local community;
and export), nutrients and erosion control (shoreline Urbanization; Tourism; Port sector;
sediments filtration, hydric stabilization), climate control Fishermen
balance, carbon sequestration and ~ (mitigation and adaptation); air
storage, moderation of extreme quality; coastal protection, storm
events protection

Provision  Medicinal resources, raw material ~ Raw materials for pharmacy, Pharmaceutical , Industry,
production; limestone, calcareous  fisheries, and construction Fishermen General and Local
rocks and sandstone production community,

(sediment stock)
Cultural Landscape, social relationships, Education, tourism, recreation, General and local community,

spiritual values

fisheries activities, identity,

NGO's, educational institutions

contemplation
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Therefore, allow the regulation of human activities by maintaining
the ecosystems, their functions and services in a sustainable manner.
Furthermore, this understanding helps to support government coastal
decision-making policies (Process 6) (Figure 5).

4. Global Biodiversity Model

The analysis revealed the negative impact of land-use change over
coastal ecosystems of Puerto Morelos. The overall MSA value for
mangroves in the reference condition (2005) was on average 0.93 and
gradually decreased to 0.81, 0.79, and 0.75 in 2008, 2011 and 2014,
respectively. The land conversion contributed to a reduction in MSA in all
mangroves areas, representing a loss of 18.6% in relation to the reference
condition. This loss was more intensive in the northern than in the southern
area. In 2005, the northern area (area A) had a high MSA, followed by a
steep decline in 2008, lowering from high MSA class to relatively high.
In the following years, the value remained constant. Area B showed a
persistent reduction in the MSA value and went from high to relatively
high class. Despite the MSA values decrease observed in areas C and D,
they remained in the high class in relation to the reference year (Table 2).

Regarding future projections, vegetation would increase to 0.82 on
average in the most optimistic scenario (high MSA class), while it would
decrease to 0.42 in the most pessimistic scenario (medium MSA class).
In addition, the northernmost area is the one with lower MSA class in
both optimistic and pessimistic scenarios, being in relatively high and
low classes, respectively. This is followed by area B, that could rise to
high MSA class in the best scenario, while it can decrease to relatively
low class in the worst scenario. Areas C and D would maintain high
MSA classes in the best scenarios, while they can decrease to relatively
high and medium classes in the worst scenario, respectively (Table 2).

The overall average MSA value of coral reefs remained constant
through the years. In the reference condition, the MSA value was
0.82. There was a slight increase to 0.83 in 2008, followed by a small
decrease to 0.81 in 2011, and then a recovery to 0.83 in 2014 (Table 2).

Specifically, the northernmost area (i.e. Limones) maintained the MSA
values constant onto high class throughout the studied period, followed
by the southernmost area (i.e. Jardines), also with high MSA class
throughout the years. On the other hand, Tanchacte remained with
a relatively high MSA class through the years, similar to what was
observed in La Bonanza, that showed the lower MSA values.

The constant values of MSA class can also be observed in future
projections. On average, coral reefs could maintain MSA classes of
0.83 and 0.81 in the best and worst scenarios, respectively. The area
of Limones would be the most constant in biodiversity irrespectively
of the scenario, since they will keep with high MSA values in both
best and worst projections. The same pattern is observed for Jardines,
while Tanchacte and La Bonanza would remain in a relatively high
class in both scenarios, with lower values in La Bonanza (Table 2).

5. DPSIR

The socio-economic activities such as tourism/recreation,
urbanization, fishing, ports and climate change as a driver of socio-
economic impacts, were defined through the literature review
performed in the identification of the management sectors section and
in consulting the Management Program of Puerto Morelos coral reef
National Park (INEGI/INE 2000). The primary local policy related
to the study area was considered and addressed as ‘drivers’ (Table 3)
in the analysis. With regard to the Tourism/Recreation driver, the
identified pressure was the modification on the health condition of
ecosystems. This pressure acts by altering the cover, diversity and
complexity of the ecosystems (‘state”). As a consequence (‘impact’),
reduction of ecosystems services and benefits (support, provision,
regulation and cultural) occurs. As a ‘Response’, policing, ecotourism
promotion (with appropriate or local guides), educational efforts,
monitoring programs, local government actions and policy efforts for
integrated management (public and private) are suggested.

Table 2. MSA values for mangroves and coral reefs of different areas obtained through the GLOBIO3 model for the period from 2005 to 2014. MSA values were

classified into five classes that range from high (with higher intactness) to low.

a) Mangroves MSA Future scenarios
Site Area (km?) 2035-B
A 25
B 25
C 25
D 25
b) Coral reef MSA Future scenarios
Site Area (m?)
Limones 216.97
La Bonanza 273.02
Tanchacte 165.76
Jardines 75.21
MSA Class

http://www.scielo.br/bn
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Table 3. DPSIR (Drivers-Pressures-State-Impacts-Response) framework for the coastal protection ecosystem services in Puerto Morelos, Mexico.

DRIVERS PRESSURE STATE IMPACTS RESPONSE POLICIES

Tourism/ Modification on the Modification  Reduction of Fiscalization, Ecotourism Current: Sustainable Tourism

recreation ecosystems (health, ofthe cover,  ecosystems services promotion (guides), Agenda of Quintana Roo / Puerto
pollution) and diversity, and benefits Educational efforts, Morelos Reef National Park
integrity complexity (support, cultural, Monitoring programs, Local Management Program.

provision and government, Policy efforts  Desirable: Sustainable tourism
regulation) for integrated management  certification / Marine Spatial
(public and private) Planning.

Urbanization Modification onthe Modification = Reduction of all Coastal Management Current: National Sustainable
ecosystems (health, of the cover,  ecosystems services program, Government Development Policy for coasts and
pollution) and diversity, and benefits participation, Educational  oceans / General Law of Ecological
integrity complexity efforts Balance and Environmental

Protection / Regulations for the Use
and Exploitation of the Territorial
Sea, Navigable Waterways /
Municipal Programs.

Desirable: Land Use Master Plan /
environmental licensing based on
ecosystem services.

Fisheries Modification on Modification  Reduction of Educational efforts, Current: Puerto Morelos Reef

activities the ecosystems of the cover,  ecosystems services Fiscalization, Fisheries National Park Management
(health, pollution) diversity, and benefits policy (fishery Program / National Sustainable
and integrity; complexity; (provision of food,  restrictions), Monitoring ~ Development Policy for coasts and
Modification in the ~ Modification  biomass, support, programs oceans, Regulations for the Use and
fishery stocks in the fishery  biodiversity, cultural Exploitation of the Territorial Sea,

community identities, amenities) Navigable Waterways / General
Law of Ecological Balance and
Environmental Protection.
Desirable: Marine Spatial Planning.

Ports and Modification on the Modification  Reduction of all Ports regulation, Coastal Current: National Sustainable

navigation ecosystems (health, ofthe cover,  ecosystems services management planning (Port Development Policy for coasts and
pollution) and diversity, and benefits Management), Capacitation oceans, Regulations for the Use
integrity complexity; of the port staff and Exploitation of the Territorial

Biological Sea, Navigable Waterways /

invasions General Law of Ecological Balance
and Environmental Protection /
Sustainable Tourism Agenda of
Quintana Roo / Puerto Morelos Reef
National Park Management Program.
Desirable: Marine Spatial Planning
/ environmental port licensing
based on ecosystem services.

Climate Modification on Modification ~ Reduction of all Education efforts, Coastal ~ Current: State Programme of Action

change the ecosystems of the cover,  ecosystems services Management planning, on Climate Change Quintana Roo.

(health, pollution, pH diversity, and benefits
decrease, temperature complexity
increase, diseases)

and integrity

Desirable: Local environmental
diagnosis of climate change effects
(Puerto Morelos).

Government policies for
climate change mitigation

The Urbanization driver was similar to the Tourism/Recreation driver
for the pressure and state categories. However, the reduction of all ecosystem
services and benefits were identified as impacts. As a response to this
driver we proposed a Coastal Management program with Government
participation and educational efforts programs for residents and tourists. For
the Fisheries activities driver, the pressure and the state categories were also
similar to the Tourism/Recreation and Urbanization drivers. Furthermore,
the inclusion of the fish community/stock alteration was included.

https://doi.org/10.1590/1676-0611-BN-2019-0901

Some of the impacts identified for this driver were; the reduction
of ecosystem services and benefits like provision of food, biomass,
support, biodiversity, cultural identities and amenities. A potential
response to this driver could be educational efforts, environmental
policing, fisheries policy (fishery restrictions) and monitoring
programs. The ports and navigation driver showed a similar pattern
regarding the categories of pressure and state, but including also the
impact of potential biological invasion by non-native organisms.
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The impacts detected were also the reduction of all ecosystem services
and benefits, and the potential responses proposed are a strict
ports regulation with a proper coastal management planning (port
management) and the capacitation of the port staff. Finally, the last
driver identified was Climate Change. Several modifications on the
ecosystems affecting their health condition (such as pollution, pH
decrease, temperature increase and diseases, among others) were
identified as Climate Change pressures. This driver affects the state
causing modification of the coral and mangroves cover, diversity
and complexity. The impacts involved include the reduction of all
ecosystem services and their benefits. The response proposed are
the reinforcement of education and a proper coastal management

planning, with the support of Government policies focused on climate
change mitigation.

6. Policy assessment

The legal framework evaluation allowed the identification of seven
policies and tools related to support conservation and sustainable
management of marine and coastal areas of Mexico, as well as planning
for mitigation and/or avoidance of impacts arising from the ecosystems-
change drivers mentioned above. Among these policies (three work
on national level, two on state level and two on local level), there are
variations on the degree of inclusion of the different agents of change
and pressures on coastal areas. (Figure 6).

Figure 6. Policy framework assessment. Seven policies and tools applied in Puerto Morelos. F corresponds to Federal level, S to State level and L to local, Puerto
Morelos level. Green arrows correspond to presence/application, yellow arrows correspond to mentioned but partially attended, and red arrows correspond to

absence/not attended.
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In all the policies, urbanization and tourism activity processes
were identified as drivers associated with land use and coastal
changes. Comparing the seven policies analysed, only three of them
have integrated in their guidelines ecosystem services. Three others
mentioned management efforts but do not explicitly discuss ecosystem
services while the last one did not mention any ecosystem services. The
ports, navigation and fisheries drivers were included in marine related
policies exclusively, although it could be directly associated with climate
change agenda and conservation laws. The effects of climate change were
addressed in three policies and laws of the management framework. The
“Programa de Manejo Parque Nacional Arrecife de Puerto Morelos”
(Puerto Morelos Reef National Park Management Program) and
“Politica Nacional de Desarrollo Sostenible para costas y océanos”
(National Sustainable Development Policy for coasts and oceans)
policies were broader for considering most of the analyzed drivers.

Discussion

This study resulted in a low cost and easily applicable workflow
to generate an Ecosystem-Based Management (EBM) framework for
coastal ecosystems. This approach allowed us to identify the main
ecosystem services, their current state and their pressures. Our case
study from the Caribbean mangrove and coral reef ecosystems (Puerto
Morelos, Mexico) is an explicit example of how recent socio-economic
pressures are altering coastal ecosystems. This workflow was first
developed using an ‘ecosystem information base’ that systematizes
relevant information about the studied ecosystems. It later analyzes the
current policies and their effectiveness. To construct the information
base, we used different strategies, such as analysing the ecosystems
as “Management Units” which revealed a high complexity of socio-
economic activities depending on these ecosystems. Also, we used an
ecosystem services matrix (ESM), that assisted in the characterization
and identification of ecosystem services of the study area (Geange et
al. 2019). According to Jacobs et al (2015), matrix approaches have
weaknesses such as inferior methodological transparency, uncertainties
with regard to the quality of the results, low replicability and lack of
reliability. The use of ESM to complement other methodologies becomes
important to reinforce additional assumptions about future potential
provision of ecosystem services (IPCC 2001). Given the above, we
constructed a Conceptual Model to understand the interplay coastal
processes, and then modelled past biodiversity loss and predictions of
future scenarios in both mangroves and coral reefs ecosystems using
the GLOBIO3 model. Finally, we evaluated the governance section in
the DPSIR framework and Policy Assessment.

The conceptual model pointed to two main pieces of information: the
framework steps (methodology) and the processes occurring in coastal
ecosystems (results). It was helpful by connecting the different processes
that occur in these coastal systems (biological and social interactions),
which facilitates the understanding of how each process can be evaluated.
As a result, it decoupled the several ‘pieces’ of the systems allowing
identification of the gaps where management action is needed. This work
indicated that services provided by mangrove and coral reef ecosystems
(i.e. climate regulation, food supply, landscape, among others)
simultaneously are basis and support for the socio-economic activities
of the region. Indeed, these systems not only protect biodiversity but
also the coastal land, essential for human development (Douvere 2008).
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Itis important to note that the conceptual model adopted simplifies a complex
set of human activities and marine ecosystem services. Additionally, it
does not map other products, such as social benefits and tax payments.
Among the ecosystem services provided by both ecosystems, only
‘coastal protection” was evaluated due to its importance for the
development of socio-economic activities on coastal land and sea.
Mangroves reduce the water flow speed and the roots hold sediments,
increasing the coastline, while coral reefs dissipate the energy of waves,
decreasing the energy flow to the land and reducing coastal erosion
(Spalding et al. 2014), providing coastal protection.

The GLOBIO3 model clearly showed pressures on mangrove
systems, leading to biodiversity loss from 2005 to 2014. Among the
activities affecting the mangrove cover in Puerto Morelos, land conversion
by tourism and urbanization was considered the major one prompted by
the construction of hotels, resorts, and houses, affecting coastal protection
(Rodriguez-Martinez 2008, Costanza et al. 2014, Spalding et al. 2014).
Despite this reduction in mangrove area, the studied areas still maintained a
considerable mangrove cover. Similarly, a previous study conducted in the
same area, showed about 27% of mangrove loss from 1981 to 2005, but
just 1% from 2005 to 2010 (Vazquez-Lule et al. 2009). This relatively low
suppression of mangroves could be due to the increase of public policies in
recent years and sustainable land use land cover (LULC) strategies (see
Figure 6 for an overview of policies). However, the socio-economic
pressures are expected to keep increasing in Puerto Morelos region, and,
if it continues leading to mangrove suppression at the same pace over the
next two decades (our worst scenario), the ecosystem services provision
will be threatened (Koch et al. 2009, Duke et al. 2007, Taylor et al. 2018).
A better path to take for the next 20 years would be our best scenario, in
which communities and government work together to develop strategies
and policies to low cost and feasible mangrove restoration, in order to
better cope with land-use change (Dale et al. 2014).

In contrast to mangroves, the coral reef biodiversity loss indexes
kept constant during the last decade (see also Banaszek & Alvarez-Filip,
2014, Alvarez-Filip & Banaszek, 2016) and will remain the same in the
next 20 years to our both pessimistic and optimistic scenarios. It seems
likely that the recent reduction of coral degradation might be a result
of conservation actions and novel policies, especially regarding the
Puerto Morelos Coral Reef National Park management plan. However,
the good state of the corals revealed by GLOBIO3 could also be due to
analytical issues. That is, because there is no reliable model programs
for marine environments and our GLOBIO3 adaptation used high
resilience indexes that generated higher MSA values, overestimating
the overall coral quality from some areas, such as La Bonanza (Ladd
& Collado-Vides, 2013, Alvarez-Filip & Banaszek, 2016). Moreover,
it is possible that other drivers not considered in the projections (e.g.
the increase in sewage, climate change, diseases, ocean acidification),
could affect the health of coral organisms and their distribution in the
future (Fine & Tchernov 2007, Sutherland et al. 2010, Hughes et al.
2017). The mangrove and coral reef cover projections demonstrate
that the efforts must continue to maintain the conservation of these
ecosystems. Therefore, the cumulative impacts on both ecosystems
require the attention of stakeholders (e.g. governmental institutions,
environmental managers, civil society, among others) to remain updated
and to develop new policy-oriented governance from scientific-based
analysis with the support of different stakeholders, in order to improve
the ocean health and the quality of coastal ecosystems.
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The DPSIR framework (identification of the management sectors)
complements the ecosystem modeling section by revealing that the
main drivers to both coastal ecosystems are linked to the urbanization
processes (tourism/recreation, urbanization, fisheries activities, ports and
navigation). Even when compared to the economic and social benefits
derived from such activities, human activities are affecting the quality
of life of surrounding residents and visitors, since pressures produce
changes in the state of ecosystems and the impacts they generate over
ecosystem services are directly related to the quality of the environment.
The responses identified to these drivers constitute suggestions for
sustainable development in order to maintain the provision of ecosystem
services. Tallis et al. (2010) highlight the need to structure applicable and
balanced governance agendas to address the complex issues associated
with coastal systems. Multi-specific planning and management proposals
can help to better understand and address this challenge.

The survey of policies was the final step (identification of the
management sectors) to create a legal framework that would precede
governance actions. This was particularly complex as (1) policies work
on different levels of governance, (2) information is usually dispersed,
and (3) most policies are focused on sectoral activities instead of
an integrated perspective. At the federal level, Sustainable Coastal
and Marine Management Policy (SEMARNAT 2006) is the only
instrument that functions as an integrative policy. That is, several other
instruments and laws emphasized specific drivers and failed to correlate
the synergistic impacts on the environment (especially considering the
climate change effects). The state management framework functions
by considering the main drivers, threats and natural features of its
coastal zone. It also develops guidelines and programs indicating the
actions that shall be accomplished. At the regional scale (Quintana
Roo state) policies contemplate two of the main drivers of pressure in
coastal ecosystems: climate change and tourism, which are related with
urbanization. Another important effort identified, but not included in the
Mexican legal framework, is the “Good Practices for Climate Change
Adaptation project, Mexico, Quintana Roo State” (Silva et al. 2019, UN
2019). This effort has a focus on the management of land conversion,
which is the current main driver of changes (directly or indirectly) over
mangrove and coral reef ecosystems. Finally, a federal environmental
tool applied on a local scale has been directing its efforts for conservation
of Puerto Morelos coral reefs through the delimitation of the Coral
Reef National Park and its management plan (Carabias-Lillo 2000).

The integration of ecosystem services knowledge into these policies
is a valuable approach to incorporate the relationship between values
and benefits delivered by the ecosystems and the different social
activities (Santos-Martin et al. 2015). Indeed, there are some examples
of successful coastal management practices that incorporated ecosystem
services in their decisions (Luisetti et al. 2011, Guerry et al. 2012,
Kelble et al. 2013). For example, in Belize, the Integrated Coastal
Zone Management Plan allows the continuous use of the ocean, such
as coastal development and aquaculture, but in high risk areas, the
natural habitats reduction is limited up to 20% (Arkema et al. 2014). In
addition, there should be incentives to update and adapt current policies
to be able deal with potential new sources of and increases in drivers of
pressure in the next years, given that the population growth in Puerto
Morelos is not being addressed adequately by these policies. This
lack of attention to population growth may result in the intensification
of pressures on the ecosystems (Hernandez-Terrones et al. 2011).

http://www.scielo.br/bn

It follows that an integrated coastal management must be linked with
public policies for sustainable development of people and spaces (socio-
ecological systems) with the participation of different stakeholders
(Muiloz 2020). The Puerto Morelos Coral Reef National Park has a
great potential of awareness and knowledge from the population about
the importance of reef ecosystems for the society. An environmental
licensing based on ecosystem services (for ports, urbanization and
tourism facilities) added to a local Land Use Master Plan and an
international sustainable tourism certification is recommended. Finally,
a Marine Spatial Planning (MSP) may contribute to harmonizing
those activities who depend on, use and disturb the marine and coastal
environment (Ehler & Douvere 2009, Collie et al. 2013).

Although the present study contributes to the advancement of
approaches based on marine ecosystems, it also identified some
caveats and limitations that require improvement. For instance, some
processes that also occur in the coastal zone were not considered by
the conceptual model and the scenario projections. The decision to
omit these processes was taken owing to the amount of information
required to incorporate many processes, as well as reducing the
complexity of the models and making them more understandable.
Focusing on only one service (coastal protection) and its main driver
(urbanization) made possible a well-grounded understanding about the
overall problem and development of solutions to the principal issues of
mangroves and coral reef losses in the region. Moreover, despite the
fact that GLOBIO3 models have been developed for terrestrial systems
(Alkemade et al. 2009), in this study we were able to adapt land-use
change to coral reef’s cover. These promising approaches require
support from scientific communities to develop a suitable solution
applicable to marine environments so as to avoid model biases. Although
improvements should be made to create a more reliable model and future
predictions for these systems, the adaptations applied in this study were
worthwhile and provided us with a broader view of the issue. Despite
these limitations in some specific parts of our EBM framework, the
complementary pathway used in this study leads us to have a general
understanding for strengthening decision-makers/policy formulation and
implementation which will assist in ensuring sustainable development
and maintenance of ecosystem services in coastal regions. It is worth
noting that through a collaborative process, which involved several
researchers with different backgrounds, it was possible to create this
framework as a more comprehensive and complete tool. Given the
global trends in biodiversity loss due to anthropogenic impacts (IPBES
2019), and the increasing pressure of climate change on ecosystems
(IPCC 2014), the development of new models to ascertain the health and
sustainability of coastal ecosystems has increased relevance, especially
those that include the use of policies which take into account different
areas of knowledge and cultural backgrounds. Therefore, this type of
collaborative approach is essential to face the challenges that arise in
the Anthropocene era (Berkes 2017).

Overall, this report revealed relationships between ecosystems
with other elements such as services and beneficiaries, as well
as human and natural drivers. The proposed strategy ties key
scientific information necessary to understand the functioning of
the ecosystems involved. The conceptual model evidenced the
ecosystems interplay through main components and processes.
The empirical model assessed the quantitative effects of coastal
and marine activities and land-use change on the ecosystems.
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Seven potential policies and tools from three different governance
levels can be potentially used in an integrated ecosystem approach.
We highlight possible shortcomings in current laws, which should be
considered when expanding the formulation and implementation of
public policies toward environmental governance good practices. The
future of the ocean depends on successful immediate implementation
of a comprehensive governance framework that moves away from
a sectoral management approach to an integrated one (Foley et
al. 2010). Marine ecosystems are still poorly studied concerning
their ecosystem services. It is, therefore, relevant to understand
all the range of services provided by these systems and evaluate
(and value) the costs of degrading and losing them (Spalding et
al. 2014). Mangrove and coral reef ecosystems in Puerto Morelos
were used as an example to demonstrate how it is possible to design
and develop a workflow with integrated disciplines information
for the development of an EBM. We suggest that stakeholders
(e.g. all governmental institutions, second sector and the local
society) propose viable science-based solutions to improve the
marine ecosystem health through EBM underpinning the source
of ecosystem services benefits for the local communities and the
whole social system.
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