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Abstract: Models based on multifactorial interactions are needed to deal with the dynamics taking
place in the eutrophication processes of coastal lagoons. However, as the number of indirect drivers
stemming from anthropogenic factors increases, temporal disorders between anthropogenic activities
may increase, thus hindering the understanding of their dynamics. We have built multifactorial
pathways to deal with the dynamics associated with the cultural eutrophication process of a coastal
lagoon. The pathways guided the identification of potential temporal disorder patterns between
anthropogenic activities, which may exert influence on the disturbances associated with eutrophica-
tion process. The identification of temporal disorder patterns derived from anthropogenic activities
belonging to different pathways resulted in a valuable form of support for analyzing and evaluating
relationships between public policies, technological skills and environmental culture programs. All
of which exert influence on the eutrophication process, which in turn cause changes on the trophic
state and on the landscape of the coastal lagoon. Pathways composed of multifactorial interactions
that take into account spatial and temporal aspects, contribute to improving the understanding of
the inherent dynamics of the eutrophication process of coastal lagoons. Temporal disorders between
anthropogenic activities may be seen to emerge, thus exerting changes on the trophic state and spatial
damage on the landscapes of coastal lagoons.

Keywords: spatiotemporal approach; coastal lagoons; multifactorial networks; eutrophication pro-
cess; anthropogenic factors

1. Introduction

Complex patterns in both time and space domains stem from ecosystems, such as
coastal lagoons. The study of inherent dynamics of such ecosystems may provide insight
into the understanding of how patterns are produced. Spatiotemporal models based
on mathematical and computational models are useful supports for understanding the
dynamics associated with ecological systems [1]. The understanding of spatiotemporal
patterns of variations depends on the scale at which patterns are observed [2–5], which
should include driving forces, impacts, processes and responses, to be properly addressed
for the sake of the development of environmental management systems [6].

The spatiotemporal richness patterns of species and the processes that drive them
should be studied simultaneously to improve the understanding of such patterns [2].
Based on this argument, we consider that the eutrophication process drives the spatial and
temporal patterns in coastal lagoons, thus affecting the trophic state of the lagoon, which
in turn exerts effects on the species richness, such as the mangroves, the flora and fauna of
the waterbody, and the green areas, among others.
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Anthropogenic activities may cause disturbances on landscapes. Nevertheless, this
relationship has been poorly studied and, consequently, little understood [7].

The water quality of the Beichuan river in China was monitored using spatiotemporal
patterns to identify the distribution of pollution sources and quantify the spatial and
seasonal variations [8]. Spatiotemporal patterns related to the mineralization process
caused by organic matter derived from sediments generated by human activities were
identified as important factors that affect the trophic state of waterbodies along the French
Atlantic coast [9].

The runoffs from agriculture activities are an important source of pollution [10].
Spatiotemporal patterns were used to determine the water quality of the Saigon-Dong
Nai river that runs through urban and industrial areas, which were found to be the main
sources of water pollution [11]. Seasonal patterns of the chemical water composition were
identified in the Double Mountain Fork Brazos river, as well as the ichthyotoxicity. It was
found that this waterbody is mainly polluted by water wastes localized within urban and
rural areas [12].

Henneman and Petruccio assessed the spatiotemporal dynamic of trophic states
through water parameters of coastal lagoons in South Brazil [13]. Spatiotemporal patterns
were evaluated to determine the variations of physicochemical parameters in the Taihu lake
derived from contamination sources stemmed from agricultural, industrial, and domestic
activities [14].

An analysis aimed at identifying spatiotemporal patterns in water pollution is not
always focused on the water pollution itself, but on the interactions between indirect drivers
(population growth, economic growth, and technology) that cause water pollution [15]. It is
suggested to improve the understanding of the spatiotemporal variation patterns of water
pollution to better support the decision-making process aimed at developing targeted and
effective water pollution control policies.

The Importance of Conceptual Frameworks in These Studies

As we can see, both anthropogenic and natural factors may be involved in spa-
tiotemporal patterns associated with the processes that determine the richness of species,
landscape and ecosystem changes, and the quality of water bodies, among others. Both
driving force factors and pressure factors play significant roles in the assessment of the
state of ecosystems, such as coastal lagoons. As a result, low quality states of ecosystems
cause impacts that usually damage human wellbeing. The multiple interactions between
driving force and pressure factors lead to complex systems, which are usually hard to
understand and consequently hard to evaluate. Both the understanding and evaluation of
complex systems, such as coastal lagoons, underpin the decision-making processes aimed
at selecting adequate management actions to improve the state quality of ecosystems. The
sequence of events related to the understanding of the inherent dynamic of a complex
system, the assessment of its state and their impacts, and the decision-making process to
select adequate management actions, require conceptual frameworks capable of guiding
the accomplishment of such a sequence. These conceptual frameworks may result in
valuable support for decision-makers and stakeholders in environmental or ecosystem
management. The DPSIR (Driving-Force, Pressure, State, Impact and Response) is a con-
ceptual framework that has been used as a valuable support in the study of environmental
management systems and the management of ecosystems [16–20].

The DPSIR framework has also been applied to the studies of spatiotemporal patterns
related to ecosystems that provide benefits to human beings. The ecosystem assessments
provide valuable information to understand their contribution to human wellbeing and
thus supporting policy and management actions. The DPSIR application aided to highlight
the need for the integration of drivers and pressures in ecosystem assessments, by using
empirical data at relevant spatiotemporal scales, for supporting the development of more
dynamic and management practices for the Mediterranean Basin [21].
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The DSPIR framework guided the description of the dynamics of spatiotemporal
patterns in the ecosystem services related to the anthropogenic activities, which is used to
support environmental management of the basin of the Urmia Lake, Iran [22]. Spatiotem-
poral dynamics studies to evaluate water resources were carried out in 18 cities of Henan
Province, China from 2006 to 2015. The DPSIR framework was used to construct an index
system composed of 21 indices for measuring if the water resources can support the local
coordinated development of population, economy, and environment towards a sustainable
utilization [23]. The DPSIR has the capacity to facilitate the transmission of meaningful
information on environmental issues to stakeholders and policy makers by promoting
information exchange and comparison of spatial and temporal patterns [24].

Despite the applicability of the DPSIR framework to spatiotemporal patterns, environ-
mental problems and ecosystems, some shortcomings related to this framework have been
identified. One of these disadvantages is related to its low capacity to support the under-
standing of the dynamic of ecosystems, such as coastal lagoons. This aspect is associated
with its lack of representation of factors at several levels of abstraction, which is useful for
linking driving-force factors with pressure factors [25,26]. This shortcoming is even more
critical when an ecosystem is modeled by taking into account indirect drivers associated
with sociopolitical, socioeconomic, demographic, technological, and cultural factors, which
in turn should be linked to intermediate and final pressure factors to represent and assess,
as close as possible, the state of real situations.

In order to address the problem mentioned above, in this work we propose a frame-
work that links indirect and direct drivers represented at several levels of abstraction to
represent factors that exert influence or cause effects on the eutrophication process of a
coastal lagoon. The linkage between indirect and direct drivers will be represented by a
set of pathways composed of sequences of relationships between pairs of factors. Derived
from pathways, we have identified temporal patterns represented by incorrect temporal
coordination between anthropogenic factors (indirect drivers) that cause disorders thus
exerting effects on the eutrophication process; the spatial landscape is mainly affected by
mangrove loss.

In this work we will deal with the problem of the cultural eutrophication process
(CEP). Therefore, we first provide some definitions of the eutrophication process and then
definitions of the cultural eutrophication process. The eutrophication of water bodies is rec-
ognized as a problem of disturbance, consequently, causes and effects due to disturbances
are produced through a process, which in this case is called the eutrophication process. The
eutrophication process may occur either through natural causes or as a result of human
activities and/or events, such as human settlements, which generate activities that damage
the trophic state of water bodies [27–35].

The following two definitions match the approach treated in this work: (1) “Eutrophi-
cation means enhanced primary production due to excess supply of nutrients from human
activities, independent of the natural productivity level for the area in question” from the
European Environmental Agency [36]; (2) “Eutrophication is defined as an environmental
disturbance caused by excessive supply of organic matter” from the United Nations Envi-
ronmental Programme [37]. We consider that human activities are responsible for supplying
an excess of nutrients and we address the eutrophication as an environmental disturbance.

The concept of cultural eutrophication has been incorporated as a process mainly
derived from anthropogenic activities, such as deforestation [38], the use of fertilizers
in agriculture [39], and nitrogen emissions [40], among the most important, all of them
contributing to trophic state changes in water bodies. The natural landscapes of coastal
lagoons are enjoyed by humans; thus, tourist activities contribute significantly to the
CEP [41–45].

The spatial effects are mainly related to mangrove damage, the change of land use
due to human settlements, and to the trophic state. The temporal approach may provide
insights into the understanding of how the implementation of certain anthropogenic activi-
ties without a temporal order may influence the CEP and consequently the conservation
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of certain species, the quality of human settlements and the trophic state. In conclusion,
we deal mainly with temporal disorders associated with interactions between anthro-
pogenic activities represented by different factors that exert effects on the eutrophication
process, which in turn may cause spatial effects represented by landscape changes of the
coastal lagoons.

2. Materials and Methods
2.1. Materials

This research is applied to the Tres Palos coastal lagoon, which is located in the
southeast part of the Acapulco Municipality, on the Pacific Ocean coast, in the state of
Guerrero, Mexico (see Figure 1 below). This lagoon covers an area of 55 km2. Its average
depth is 3.43 m during the dry season and 7 m during the rainy season. It is fed by the Rio
de la Sabana and communicates with the sea through a meandering channel of 12 km that
ends in the town of Barra Vieja.
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Mexico, on the Pacific Ocean coast.

2.2. Methods

Before dealing with the methods proposed in this work, we introduce important
definitions of key concepts to be used in this section. Such concepts are: levels of indirect
and direct drivers, which have been defined based on their functional roles within the con-
text of the eutrophication process; relationships between factors; pathways; multifactorial
network, and temporal disorders.

2.3. Important Definitions

Indirect Drivers. These factors are associated with anthropogenic activities that exert
influence on the eutrophication process, thus causing changes on the trophic state of the
coastal lagoon, as well as on its landscape.

Direct Drivers. These are activities associated with the eutrophication process through
factors capable of generating tangible chemical products, thus causing effects on the trophic
state of the coastal lagoon, as well as on its landscape.

Levels of Indirect and Direct Drivers based on their Functional Roles. We propose a
novel classification of indirect and direct drivers at several levels based on their functional
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roles in the eutrophication process. Indirect drivers represent factors related to anthro-
pogenic activities that do not generate tangible harmful products that lead to changes in the
trophic state but exert an important influence on the eutrophication process. Meanwhile,
direct drivers represent factors able to generate tangible harmful products capable of chang-
ing the trophic state. The number of levels depends on the process to be studied. For the
purpose of this work, three levels have been defined for both indirect and direct drivers.

Level-I of Indirect Drivers. They are represented by a set of anthropogenic concepts
related to Demographic (population increase), Socioeconomic, Sociopolitical, Technological,
and Environmental Cultural factors. Factors and their acronyms: Population increment
(Pop-Increase); Socioeconomic (SocioEco); Sociopolitical factors, mainly represented by
public policies (PP); Technological skills (Tech); Environmental Culture (Cult).

Level-II of Indirect Drivers. These drivers represent specific anthropogenic activities
from which we can identify the possible sources of chemical components produced during
the eutrophication process. Such anthropogenic activities are related to human settlements
(around the lagoon and along the river), tourism, and those related to industrial activities.
Factors and their acronyms: Human settlements around the lagoon and river (HumSetL,
HumSetR); Tourism; River Industry.

Level-III of Indirect Drivers. At the third level, we can verify that the production
of waste, sewage-sludge, and other harmful products stem from regular or irregular hu-
man settlements, along the river or around the lagoon; the consumption of products
due to factors associated with the tourism, thus contributing to the generation of wastes.
However, up to this level, we cannot affirm that Level-III Indirect Drivers produce tan-
gible harmful material affecting the trophic state of the coastal lagoon. Factors and their
acronyms: Irregular human settlements around the lagoon (IrrHumSetL); Regular human
settlements around the lagoon (RegHumSetL); Irregular human settlements along the
river (IrrHumSetR); Regular human settlements along the river (RegHumSetR); Product
Consumption (ProdConsum).

Level-III of Direct Drivers. At this level of direct drivers, we can already identify
activities, such as agriculture and the generation of solid urban waste from the river
or lagoon, as harmful products. Factors and their acronyms: Agriculture around the
lagoon (IrrAgricL); Generation of solid urban waste from the lagoon (GenSolUrbWasL);
Consumption of mangrove resources (ConsMangRes); Generation of special handling waste
from the river (GenSpecHandWasteR); Irregular Agriculture along the river (IrrAgriR);
Water treatment plants (WaterTreatPlant); Generation of solid urban wastes from the river
(GenSolUrbWasteR).

Level-II of Direct Drivers. At this level, the generation of sediments, solid and liquid
wastes, and phosphorous and nitrogen loads take place. Factors and their acronyms: Sedi-
ments from lagoon and river (LagSediments, RivSediments); Solid waste from lagoon and
river (SolWasteL, SolWasteR); Liquid waste from lagoon and river (LiqWasteL, LiqWasteR);
Mangrove Loss (MangroveLoss); Filtering Effect for Waste Reduction (FEWasteRed).

Level-I of Direct Drivers. Finally, chemical components such as nitrogen and phos-
phorous, contribute to directly determine the trophic state of the coastal lagoon. Factors
and their acronyms: Phosphorous load from lagoon and river (PhosloadL, PhosloadR);
Nitrogen load from lagoon and river (NitroloadL, NiroloadR); Sum liquid and solid waste
from lagoon and river (Sum(LiqSolWasteL), Sum(LiqSolWasteR); Sum of P and N from the
lagoon and river (Sum(Nitro,Phos)L, Sum(Nitro,Phos)R).

Relationships between Factors. In complex systems, such as the one associated with
a coastal lagoon, multiple interactions between factors determine their dynamics to a
large extent. Such interactions can be represented by cause-effect relationships or influence
relationships where one factor exerts influence on the activity of others. A formal expression
for a relationship is as follows: A→B, which means “A causes effects on B” or “A exerts
influence on B”. In this case, A represents the effector node and B the receptor node.

Pathways. A pathway is defined as a sequence of relationships that link Level-
I indirect drivers with Level-I direct drivers. We have to highlight that Level-I indi-
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rect drivers and Level-I direct drivers are located at the beginning and the end of the
pathway, respectively.

Temporal Disorders. In specific key nodes, belonging to direct driving factors, the
support of three human factors is required (public policies, technological skills, and cultural
programs) to reduce, regulate, and/or control the effects of the eutrophication process.
In this work, we label these nodes as “key nodes”. We have identified patterns charac-
terized by erroneous temporal coordination or a bad formulation of relationships that
represent the interactions between key nodes and the anthropogenic factors mentioned
before. This erroneous coordination brings about temporal disorders that exert influence
on the eutrophication process, thus affecting the trophic state and the spatial landscape of
the lagoon.

2.4. The Bottom-Up/Top-Down Approach

We have developed a bottom-up method to build pathways and the multifactorial
network related to the lagoon and the river. Meanwhile, a top-down method is used to
analyze and identify key nodes where temporal disorders may take place. Figure 2 shows
a pyramid, where the bottom-up and top-down methods are described.

Water 2021, 13, x FOR PEER REVIEW 6 of 19 
 

 

for a relationship is as follows: A→B, which means “A causes effects on B” or “A exerts 
influence on B”. In this case, A represents the effector node and B the receptor node. 

Pathways. A pathway is defined as a sequence of relationships that link Level-I indi-
rect drivers with Level-I direct drivers. We have to highlight that Level-I indirect drivers 
and Level-I direct drivers are located at the beginning and the end of the pathway, respec-
tively. 

Temporal Disorders. In specific key nodes, belonging to direct driving factors, the 
support of three human factors is required (public policies, technological skills, and cul-
tural programs) to reduce, regulate, and/or control the effects of the eutrophication pro-
cess. In this work, we label these nodes as “key nodes”. We have identified patterns char-
acterized by erroneous temporal coordination or a bad formulation of relationships that 
represent the interactions between key nodes and the anthropogenic factors mentioned 
before. This erroneous coordination brings about temporal disorders that exert influence 
on the eutrophication process, thus affecting the trophic state and the spatial landscape of 
the lagoon. 

2.4. The Bottom-Up/Top-Down Approach 
We have developed a bottom-up method to build pathways and the multifactorial 

network related to the lagoon and the river. Meanwhile, a top-down method is used to 
analyze and identify key nodes where temporal disorders may take place. Figure 2 shows 
a pyramid, where the bottom-up and top-down methods are described. 

 

Figure 2. Bottom-up method for building pathways, and the top-down method to guide the analysis 
and identification of key nodes that may bring about temporal disorders. 

2.5. Building the Pathways of the Lagoon and the River: The Bottom-Up Method 
The bottom-up method is composed of the following levels: (i) at the bottom level, 

the individual factors are defined. Such factors are related to both direct and indirect driv-
ers. These factors are described in the subsection related to the important definitions; (ii) 
at the second level, pairwise relationships between direct and indirect drivers are built. 
Two main forms of relationships are used in this work: the cause-effect relationships and 
the relationships that express the influence exerted by a factor on other factors; (iii) at the 
third level, the lagoon and river pathways are built by linking relationships; (iv) at the top 
level, the pathways of the lagoon and river are linked to build the multifactorial networks 
related to the lagoon and to the river. 

Figure 3 shows the pathways related to the lagoon. The key nodes of the lagoon path-
ways are in yellow color. Meanwhile, Figure 4 shows the pathways related to the river. 
The key nodes of the river pathways are in green color. 

Figure 2. Bottom-up method for building pathways, and the top-down method to guide the analysis
and identification of key nodes that may bring about temporal disorders.

2.5. Building the Pathways of the Lagoon and the River: The Bottom-Up Method

The bottom-up method is composed of the following levels: (i) at the bottom level, the
individual factors are defined. Such factors are related to both direct and indirect drivers.
These factors are described in the subsection related to the important definitions; (ii) at
the second level, pairwise relationships between direct and indirect drivers are built. Two
main forms of relationships are used in this work: the cause-effect relationships and the
relationships that express the influence exerted by a factor on other factors; (iii) at the third
level, the lagoon and river pathways are built by linking relationships; (iv) at the top level,
the pathways of the lagoon and river are linked to build the multifactorial networks related
to the lagoon and to the river.

Figure 3 shows the pathways related to the lagoon. The key nodes of the lagoon
pathways are in yellow color. Meanwhile, Figure 4 shows the pathways related to the river.
The key nodes of the river pathways are in green color.
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The set of pathways belonging to the lagoon and river facilitates the analysis of the
dynamics associated with the cultural eutrophication process.

2.6. Identifying the Key Nodes from the Pathways: The Top-Down Method

The top-down method is used to analyze and identify key nodes of the pathways
that may bring about disorders due to erroneous temporal coordination between the
following anthropogenic activities: sociopolitical (public policies), technological skills, and
environmental culture programs. This erroneous coordination may bring about temporal
disorder patterns that may exert influence on the eutrophication process.

The key nodes of the lagoon pathways (see Figure 3) belong to the categories of
direct drivers: IrrAgricL, GenSolUrbWasL and ConsMangRes. These key nodes require
the support of public polices, technological skills, and environmental culture programs,
which should be submitted to temporal coordination. Otherwise, temporal disorders may
emerge, thus hindering the purpose of regulating and/or controlling activities associated
with the eutrophication process that may cause changes on the trophic state and on the
landscape of the coastal lagoon.

Meanwhile, the key nodes of the river pathways are shown in Figure 4. They be-
long to the categories of direct drivers: GenSpecHandWasteR, IrrAgriR, WaterTreatPlant,
and GenSolUrbWasteR. These key nodes also require a temporal coordination between
public polices, technological skills, and environmental culture programs to ameliorate
their performance.

3. Analysis and Discussion of Results

The understanding of the inherent dynamics of the cultural eutrophication process
leads to confirm that the anthropogenic activities may contribute to the disturbances
associated with this process. The understanding and assessments are key elements to
support the decision-making processes, which in turn will support the construction of
adequate plans aimed at coordinating and synchronizing activities to reduce damage to
the coastal lagoon.

The lack of planning the environmental management activities aimed at reducing or
controlling the effects brought about by the cultural eutrophication process may cause
temporal disorders, which are mainly characterized by incorrect synchronization between
such activities. We have identified patterns derived from a nexus composed of indirect
drivers that aim at reducing, regulating or controlling factors that may exert influence on
the eutrophication process. Such indirect drivers are related to public policies, technological
skills, and environmental culture programs.

The new classification of indirect and direct drivers has three practical advantages:
(1) It facilitates the link between indirect and direct drivers; (2) it facilitates the construction
of pathways which serves as support to facilitate the understanding and interpretation
of particular relationships that link indirect drivers with direct drivers; (3) the use of
pathways is an important support to identify those relationships mainly associated with
anthropogenic activities that may bring about temporal disorders, thus exerting influence
on the disturbances associated with the eutrophication process.

3.1. Analysis and Identification of Key Nodes of Pathways

Overlooking or disregarding irregular agricultural activities, irregular human settle-
ments, the incorrect functioning of wastewater treatment plants, and the consumption of
mangrove resources, among the most important elements, hinder the reduction of distur-
bances associated with the eutrophication process. Consequently, the nodes associated
with these activities deserve special attention. These nodes have been labeled as key nodes.

We analyze the temporal disorders for the case of two key nodes: the ConsMangRes
node that represents the consumption of the mangrove resources, meanwhile the Wa-
terTreatPlant node is related to the water treatment plants. The lack of data related to the
other key nodes prevents their analysis.



Water 2021, 13, 2099 9 of 18

3.2. The Case of the Consumption of the Mangrove Resources (ConsMangRes Node)

Due to the fact that the mangrove plays the role of a natural filter, it retains important
loads of liquid and solid waste. Thus, as the mangrove loss increases, less solid and liquid
wastes are retained.

It is clear that the mangrove loss requires the implementation of actions derived from
the nexus (public policies, technological skills, and environmental culture programs) to
reduce, control, or regulate the consumption of mangrove resources. Thus, an action plan
should be built to coordinate the actions to be implemented to avoid temporal disorders
that may influence and contribute to the disturbances of the eutrophication process.

Two types of action plans are considered: preventive plans and corrective plans. For
the purposes of this work, we have defined preventive and corrective plans as follows: a
preventive plan is composed of actions aimed at keeping a harmful event from occurring;
a corrective plan is composed of actions aimed at reducing damages caused by a harmful
event. The harmful event in this case is represented by the relationship between the
consumption of mangrove resources and the mangrove loss.

We deal in this work with corrective plans aimed at reducing or controlling the
consumption of the mangrove resources by using the components of the nexus as receptors
and the ConsMangRes node taking the role of an effector. The ConsMangRes node brings
about public policies (PP) aimed at regulating the consumption of the mangrove resources;
the environmental culture programs for supporting a change of mentality in the users of
the lagoon, aimed at respecting and conserving nature, and the technological skills, such as
reforestation expertise, will help to recover the mangrove resources.

In the corrective Plan (a) (see Figure 5 below), in the relationship (ConsMangRes→PP),
the key ConsMangRes node plays the role of an effector that leads to a public policy (PP
node) being implemented which, in this case, plays the role of a receptor. Following this
sequence, in the relationship (PP→Cult), PP plays the role of an effector that brings about
the implementation of an environmental culture program which, in this case, plays the role
of a receptor. In the next relationship, the Cult node would cause the implementation of a
reforestation technology as shown by the following formulation (Cult→Tech). Finally, the
link between the implementation of the reforestation technology and the key ConsMangRes
node represents a feedback to verify the performance of this plan. Based on the analysis
of this corrective plan (Plan (a) in Figure 5 below), we note that an environmental culture
program takes place before the reforestation activities. From the point of view of the
people’s perception, the fact of knowing, following, and participating in the process of
reforestation produces an effect that wakes up the sense of ownership of the project.
Otherwise, the environmental culture programs will be overlooked without any impact on
the population. The analysis of this pattern shows that an incorrect sequence of corrective
actions represents a temporal disorder represented by an incorrect coordination, where the
environmental culture activities may turn out to be fruitless, thus putting at risk the efforts
invested in the reforestation actions.

Plan (b) of Figure 5 above, a reforestation project of the mangroves of the Tres Palos
coastal lagoon took approximately 5 years (2008 to 2013). However, this plan does not
take advantage of the period during which the reforestation took place. During this
long period, several activities related to the environmental culture program should have
been carried out to learn why, when and how reforestation activities are needed for the
benefit of human beings. However, patterns of this type are associated with the lack of
adequate planning actions, where the implementation of activities belonging to the nexus
are temporally incoherent.

Plan (c) (see Figure 5) shows the coordination of the activities associated with the
nexus that are adequate for the sake of a correct and coherent temporal coordination. In
this case, the public policies (PP node) represent an effector that leads to a simultaneous
implementation of the reforestation (Tech node) and the environmental culture programs
(Cult node). In other words, we can conclude that the reforestation took 5 years (from
2008 to 2013) and if during this same period, the environmental culture programs had
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taken place within the context of the lagoon, then the population would have acquired
an environmental education rich enough to understand and respect the coastal lagoon
ecosystem by curbing the use of the water body as a garbage dump and avoiding the
consumption of the mangrove resources.
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We can confirm that the agricultural activities, for both lagoon and river, belong to the
category of level-III direct driver, from which stem tangible harmful products that cause
direct changes to the trophic state. The agricultural practices are derived from irregular
human settlements. The agricultural activities contribute to sediments, which in turn
will generate nitrogen and phosphorous loads, mainly due to the use of pesticides and
fertilizers. It is important to highlight that considerable areas of the mangrove have been
deforested for irregular agricultural practices; thus they cause damage to both the lagoon
and the mangrove. Figure 6 shows the increase of agricultural practices (in green color)
from 1997 to 2017. These agricultural practices have taken place both along the river and
around the lagoon. Obviously, such agricultural practices also cover the mangroves.
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3.3. The Case of the WaterTreatPlant (Water Treatment Plants)

A similar analysis has been carried out for the case of the key WaterTreatPlant node.
As we can see in the pathway associated with the key WaterTreatPlant node (see Figure 4),
the waste produced by the regular human settlements along the river require the imple-
mentation of public policy, the use of adequate technology for the correct functioning of a
water treatment plant, and obviously environmental culture programs. The nexus of these
three activities aims at reducing the generation of waste. Figure 7 shows two situations,
where situation (a) represents the implementation of most of the water treatment plants
installed in the municipality of Acapulco. Meanwhile, situation (b) shows the sequence
of the main actions to be implemented to avoid temporal disorders for the sake of a good
water treatment plant performance.
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considering a previous training technical program related to the water treatment plant to be installed.
Situation (b) shows the main actions to be implemented before and after the installation of a water
treatment plant.

Situation (a) shows the order of actions carried out to deal with the problem of waste
water. As we note in situation (a), regular human settlements require the installation
of water treatment plants (WaterTreatPlant node), which will exert effects on the river
sediments, in such a way that if a water treatment plant works properly, then the damage
caused by river sediments will be reduced. Otherwise, the river sediments will be more
and more harmful as the performance of the water treatment plant decreases.

Since the 1990s, 16 water treatment plants have been installed in the municipality of
Acapulco, but currently only two of them work. Despite not working to optimal capacity,
they work. We mentioned before that the Tres Palos lagoon belongs to the Acapulco munic-
ipality. The main concern is that several of those that do not work dump the wastewater
directly into the lagoon or into the Rio de la Sabana, which is the river that feeds the lagoon
with water. In addition, there is no project for a wastewater treatment plant specifically
applied to the Tres Palos coastal lagoon. Once again, the lack of plans aimed at guiding
the implementation of these water treatment plants has been a recurrent issue. Firstly, the
environmental culture programs were overlooked or ignored or neglected. Secondly, the
implementation of water treatment plants required a sequence of essential actions, which
was not taken into account. These essential actions are (See Figure 7, situation (b)): (1)
Training programs to acquire an adequate technical knowledge related to the installation
and utilization of water treatment plants; (2) Maintenance programs of the water treatment
plant; (3) Monitoring and evaluation of the performance of these plants. In conclusion, we
can confirm that temporal disorder has occurred in most of the water treatment plants,
because they operate without formal technology training programs, without sufficient
maintenance, without monitoring, and evaluation performance was totally absent. In
addition, a lack of budget for the operation and the maintenance tasks of the equipment has
been a recurrent concern for all of the water treatment plants already installed. Situation
(b) shows a sequence of actions aimed at correcting the temporal disorders.
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We must emphasize that the wastewater treatment plants are installed in locations
around the Rio de la Sabana and the Tres Palos Coastal Lagoon, almost all of them not
working, which suggests that the wastewater may be dumped into waterbodies such as
the Rio de la Sabana. We point out that in spite of the existence of public policies, the
municipality does not take them into consideration.

As a final reflection about the two key nodes (ConsMangRes and WaterTreatPlant)
analyzed and discussed above, we show in Figure 8 a sequence of images that describes
the mangrove distribution around the lagoon during the period 1981–2020, which is large
enough to confirm the degradation of the mangrove during the last 39 years. The National
Commission for the Knowledge and Use of Biodiversity (CONABIO, for its acronyms in
Spanish) provides users with information related to the mangrove cover area, which is
classified in four periods: 1981–2005, 2005–2010, 2010–2015, and 2015–2020. In the first
period (1981–2005), the mangrove cover area was 1,046,646 ha, whereas for the last period
(2015–2020) it was 653.99 ha. We observe (Figure 9) a degradation of the mangrove in
the southwest of the lagoon during the periods (1981–2005) and (2005–2010). Meanwhile,
due to the effects of reforestation activity, we observe certain recovery of the mangrove
cover during the periods 2010–2015 and 2015–2020. However, if we take into account the
total period 1981–2020, we ratify that, although the legal regulations mentioned before in
relation to mangroves are clear enough, the mangrove cover area has decreased.

Figure 9 shows an important increase in the mangrove cover area, from 621.778 to
653.99 ha, during the last period of time. This increase can be associated with a reforestation
project carried out by CONABIO from 2008 to 2013. The graphics shown in Figure 9 shows
the loss of mangrove cover in hectares and their corresponding percentages. Based on the
preceding arguments, we suggest that this degradation could have been brought about
by inadequate disposal of wastewater, solid and special handling waste, along with the
irregular agricultural practices, which can be interpreted as a lack of environmental culture
in the local population and important negligence by the municipality.
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3.4. Final Global Analysis and Discussion

The results derived from analyses of pathways showed that the agriculture practices
around the Tres Palos Coastal Lagoon and along the Sabana River exert important effects
on the mangrove loss and significantly influence the pollution of the river and lagoon. Such
pollution requires the support of policies, environmental culture, and technological skills,
mainly represented by wastewater treatment (WWT) plants to improve the water quality.

Agricultural practices and deforestation by local populations and timber companies
in mangroves have caused important damage, thus contributing to unsustainable devel-
opments [46]. Important information related to mangrove loss indicates that during the
agricultural era (1800–1940), the area of mangroves declined 45% in Puerto Rico [47]. A
similar situation occurred in India, reporting 40% of mangrove loss during the last century,
where agriculture practices represented one of the most important causes [48]. On the
one hand, loss of mangroves continues to increase more rapidly in developing countries,
where 90% of the world’s mangroves are located. On the other hand, it is important to note
that human communities would lose their livelihood, including activities relating to food,
timber, chemical and medicines, to become a world without mangroves [49].

Agricultural practices contribute to the pollution of water in the fluvial-lagoon system
formed by the Sabana River and the Tres Palos Lagoon. Agricultural practices usually
increase as population increases, due to the installation of new settlements around the
lagoon and along the river. The economy of the Acapulco municipality depends on tourist
activities, mostly represented by national tourism, particularly with people coming from
Mexico City every weekend of the year, during the summer and for end of year festivities.
Thus, a major concern for this city is to establish how the level of pollution of local water
resources could hinder the achievement of sustainable conditions relating to tourism
activities. As mentioned before, the Tres Palos Coastal Lagoon is located in the Acapulco
Municipality. For instance, the Sabana River-Tres Palos Lagoon area suffered an important
population increase from 1970 to 2000. The population in 1970 was 186,595 and in 2000 it
had increased to 648,431 inhabitants. That is, the population increased by 3.5 over 30 years,
in the 17 settlements of the area. In 9 of these 17 settlements, agricultural practices take place,
where residual materials, agrochemicals, and organic waste have significantly damaged
water resources. Despite these damages the support based on the implementation of WWT
plants have been insufficient, non-existent or operating under inefficient conditions along
the course of the Sabana River [50].

One of the reasons for the unsuccessful implementation of WWT plants is the lack of
criteria aimed at supporting the decision-making process for selecting the correct WWT
plants. Usually, a set of indicators composed of environmental, societal, and economic
aspects are used to determine the sustainability of WWT technologies [51–53].
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Economic indicators determine the cost of the technology and how affordable this
is for the community; environmental technology is related to the capacity of the WWT
plant to remove wastewater components, such as nitrogen, phosphorous, and pathogens,
among others; and societal indicators capture the cultural acceptance of the technology. An
analytical hierarchical process (AHP) method has been integrated into composite indicators
that take into account environmental, economic, and social aspects. The AHP aims to assign
weight to each indicator, thus allowing the incorporation of experts to support the decision-
making process [53]. In developing countries, the aspects related to the affordability and
reliability is very important for the implementation of WWT systems. Centralized WWT
systems along with the cost of operation result unaffordable for developing countries.
Instead, a decentralized approach has been proposed [54].

As mentioned before, addressing the problems derived from the 7 key nodes requires
a planning system integrated into an environmental management system that supports
the decision-making process for the selection of adequate management actions and the
correct coordination between them to improve their performance. The problems associated
with the 7 identified key nodes related to the disturbances of the eutrophication process
become relevant in the process of achieving the sustainability of the ecosystem under study.
These problems are associated with several of the 17 SDGs (Sustainable Development
Goals) set up in 2015 by the United Nations General Assembly [55,56]. We consider that
the 7 key nodes are related to the following SDGs: clean water and sanitation; responsible
consumption and production; climate action; life below water; life on land in the part of
sustainably managed forest (the mangrove forest) and halt biodiversity loss. Integrated
and collaborative approaches for the implementation of SDGs has been suggested by the
UN. However, the implementation of actions to achieve sustainable conditions at national
level becomes a hard problem to solve. In addition, the selection of public policies by
decision-makers should be submitted to specificities of each ecosystem, thus regional and
local management should take into account specific needs in the context of a particular
coastal lagoon [57]. Therefore, due to the fact that most of the actions to be implemented
take place locally, the municipalities seem to be the obvious candidates to coordinate the
efforts to achieve SDGs [58,59]. Nevertheless, due to cultural differences between diverse
professions within the context of municipalities, the cooperation between different actors
becomes frequently unfeasible. Thus, the adoption of an environmental management
system in the entire municipality has been proposed, as a feasible solution [60].

Due to the complexity of ecosystems, such as coastal lagoons, an important number of
problems emerge, mainly in developing countries, and mainly caused by anthropogenic
activities. Thus, management actions should be implemented for the sake of the preserva-
tion and restoration of coastal lagoon environment. The set of management actions to be
implemented requires the development of management plans integrated in environmental
management systems to ensure a correct spatiotemporal coordination aimed at achieving
sustainable conditions [61].

4. Conclusions

We have dealt with the problem of understanding the dynamics of the cultural eu-
trophication process of coastal lagoons, which are considered complex systems. We have
seen that the cultural eutrophication process is strongly characterized by multifactorial
interactions between anthropogenic activities that contribute to the disturbances associated
with the eutrophication process.

The developed pathways that link indirect drivers with direct drivers facilitated the
understanding of the dynamic taking place in the eutrophication process of coastal lagoons.
Pathways have also been used to identify key nodes, which are characterized by their
potential to bring about temporal disorders that may increase the disturbances of the
eutrophication process. The key nodes identified in the pathways are related to agricultural
practices around the lagoon and along the river, solid urban waste generation at the level
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of the lagoon and river, consumption of mangrove resources leading to mangrove loss,
generation of special handling waste at the level of the river, and wastewater treatment.

The problems associated with key nodes require the implementation of anthropogenic
activities related to public policies, technological, and environmental cultural factors, which
should be combined and synchronized to avoid temporal disorders that may contribute to
the eutrophication process disturbances. This affects the trophic state of the lagoon and the
spatial landscape reflected in the area of mangrove loss.

We have applied the developed methods to the Tres Palos Coastal Lagoon, situated in
the municipality of Acapulco, Guerrero, Mexico, on the Pacific Coast. We have analyzed
two key nodes, the first one related to the consumption of mangrove resources and the
second one related to wastewater treatment plants. We have analyzed the relationship of
these two key nodes with the agricultural practices node. For both, we have analyzed plans
that may lead to temporal disorders due to the lack of temporal coordination between the
anthropogenic activities (public policies, technological skills, and environmental culture
programs) aimed at reducing the disturbances associated with the cultural eutrophica-
tion process.

It has been suggested that technological activities, such as reforestation and the
installation of WWT systems, should be implemented simultaneously with environmental
cultural programs. We have argued that learners should take environmental courses in
the real sites, where the mangroves and WWT plants are located. In this way, they will
adopt the projects related to these specific environmental issues. For example, the fact of
knowing, following, and participating in the process of reforestation produces an effect
that wakes up the sense of ownership of the project.

Seven key nodes (three belonging to the lagoon pathways and four pathways belong-
ing to the river), each one requiring activities related to the nexus to reduce disturbances
in the eutrophication process. Implementing the activities simultaneously to address the
problems related to the 7 key nodes would reduce the disturbances associated with the
eutrophication process. However, addressing 7 nodes at risk represents a huge challenge,
because the planning task to build adequate temporal coordination and synchronization
would be a very complex problem to solve. In addition, it would be too expensive to be
really feasible.

The implementation of activities or actions to address these seven issues should be
carried out at the correct scale to make them feasible. It is suggested that they be carried
out at municipal level since most of the actions that need to be implemented take place
locally. Moreover, to address the problem related to the lack of cooperation due to cultural
differences between diverse professions working for the municipality, we suggest adopting
an environmental management system, within which plans of actions would be developed
to ensure adequate coordination between the actions to be implemented.
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