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Highlights

e The effects of waste management on the environment must be addressed with holistic
approaches

e  Semantic networks model human factors that hinder waste management by harming the
environment

e Flexible semantic networks help identify specific causes of poor waste management
performance

¢  Semantic networks are applied to model processes that hinder wastewater management in
coastal areas

e  This approach aims to improve wastewater management to reduce coastal environmental
damage

Abstract

Anthropogenic activities represent indirect drivers that generate harmful direct factors, hindering
wastewater management (WWM) and causing environmental damage. We analyze this as a process
composed of causal relationships where indirect drivers (intangible harmful factors) generate
tangible harmful factors. We model this multifactorial process with semantic networks, where the
nodes represent intangible or tangible harmful factors, and the interactions between them with causal
relationships represented by directed-arcs. We propose an approach that supports decision-making
for improving WWM through semantic pathways that describe processes from intangible to tangible
harmful factors. A significant advantage of these semantic pathways is their flexibility to modify their
structure by adding and removing nodes and arcs, thus allowing for the updating of environmental
knowledge. This method facilitates decision-making by providing viable and sustainable solutions
to improve WWM performance in coastal tourist municipalities characterized by constant population
growth that generates uncontrolled urban sprawl. We applied this approach to the case of the
municipality of Acapulco, located on the Mexican Pacific coast. Viable solutions include the
restoration of wastewater treatment plants, changes in agricultural practices, mangrove reforestation,
and the development of sound urban plans. This methodology can be applied to coastal tourist areas
with similar characteristics.

Keywords: wastewater management; environment; semantic networks; sustainability; decision-
making
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1. Introduction

In general, a waste management system aims to reduce the negative impact of waste on the
environment by implementing strategies such as reducing, reusing, preventing, and disposing of
waste in a responsible manner [1-7]. The reduction of hazards to public health and the environment,
as well as the achievement of an economy based on the efficiency of the use of resources, are roles
associated with waste management systems [8]. Improperly managed waste can lead to pollution of
air, water, and soil, as well as the spread of disease and other health risks.

An important role of the decision-making processes is to support waste management in the
selection of effective pro-environmental alternatives (PEAs) to protect both the environment and
public health. In particular, wastewater management systems (WWDMs) are designed to collect, treat,
and dispose of wastewater from homes, businesses, and industries. Wastewater management
generates social, environmental, and economic benefits, thus representing essential actions towards
achieving the 2030 Agenda for Sustainable Development [9].

1.1. Wastewater Management Challenges

Low water quality due to poor performance of wastewater treatment plants (WWTPs), built
decades ago, are in need of repair or replacement. This can lead to leaks, overflows, and other issues
that can harm the environment and public health [10-13], such as wastewater containing high levels
of nutrients, which can cause harmful algal blooms and other water quality problems [14-16].
Adequate infrastructure should be adapted as population and urbanization increase, which is not the
case in most of the developing countries [17]. In addition, agricultural runoff introduces pesticide
residues that pollute waterbodies such as rivers, lakes, lagoons, and also groundwater [18,19].

It has been proved that as populations grow, consumption increases around the world [20-22],
thus increasing the demand for resources, including water, food, energy, and raw materials [23-25].
This increased demand can lead to higher levels of consumption and production, thus causing
environmental impacts, wastewater increase, and water scarcity, among other important issues [26—
28]. Good governance is one of the most important challenges to be addressed by wastewater
management for achieving sustainable conditions [29-31]. Derived from the concept of general good
governance, the concept of water governance also embraces all social, political, economic and
administrative organizations and institutions, as well as their relationship to water resource
development and management [32]. Legitimacy, transparency, and accountability are among the
most important key factors of the good governance concept. Therefore, the decision-making
processes related to the WWM should rely on sociopolitical factors, such as a good governance, aimed
at ensuring a coherent institutional integrity in order to build strategies for the legitimation of actions
and to combat acts of corruption [33-35].

Overall, WWM is critical for maintaining a healthy and sustainable environment. However, the
effectiveness of these systems is often influenced by a range of anthropogenic activities (indirect
drivers), including population increase, socioeconomic and sociopolitical factors, technological skills,
and cultural factors [36-39]. Usually, indirect drivers give rise to the generation of direct drivers, such
as nutrients and other harmful factors that damage waterbodies [40,41].

1.2. WWM: A Multifactorial and Multidisciplinary Perspective

The multiple interactions between various indirect and direct drivers involved in the problem
under study complicate its understanding and analysis. Consequently, decision-making processes
are not considered reliable criteria for selecting appropriate pro-environmental alternatives.
Furthermore, this problem is exacerbated when reliable data relating on a real-world situation is
lacking, as is often the case in developing countries. However, decision-making processes must adopt
approaches that compensate for these shortcomings.

To effectively address wastewater management and reduce pollution, it is necessary to consider
the interactions between these factors, involving decision-makers and stakeholders from different
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sectors. Due to this complexity, decision-making processes supporting wastewater management
must be addressed from a multifactorial and multidisciplinary perspective.

This approach allows decision-makers to consider multiple criteria, such as environmental,
social, and economic factors, and to weigh the relative importance of each criterion [42].

In the multidisciplinary context, the inclusion of a group of multidisciplinary experts and
stakeholders in the decision-making processes appears as a useful and mandatory strategy, because
their experience in addressing real problems aimed at reducing water pollution can improve the
decision-making process and provide better support for wastewater management, related to the lack
of reliable data.

1.3. Semantic Networks

In short, a semantic network represents knowledge, where nodes represent concepts and the
relationships between them by directed-arcs. Semantic networks are an important topic of the
domain of artificial intelligence. There are different models of semantic networks. In this work, we
address the following models:

e Definitional Networks. They represent hierarchical relationships ranging from general to
specific knowledge. In this work, we define different levels of abstraction to represent the effects
of drivers on an objective through cause-effect relationships. For example, the most general
relationships between indirect and direct factors and the objective or recipient of the effects are
represented by single level of abstraction, where a set of indirect drivers cause effects on the
environmental. However, we recognize that complex systems, such as the one addressed in this
work, require more specific knowledge to improve the understanding and analysis of the
problem under study. Therefore, this more specific knowledge must be represented by its
corresponding specific levels.

¢ Learning Networks, where the system learns new information by updating relationships and
nodes based on new data and experiences, thus improving the understanding of the complex
system under study.

e  Hybrid Networks, where the combination of two or more models allows for more complex
and dynamic knowledge representations.

1.3.. Proposal

The main objective of this work is to improve the decision-making processes that support
sustainable management of wastewater in costal tourist municipalities through the appropriate
selection of pro-environmental alternatives to reduce factors that negatively impact the environment.

We argue that multifactorial interactions between anthropogenic activities (indirect drivers) and
direct drivers result in a limited understanding of the system’s dynamic, leading to

unreliable decision-making processes for WWM and the selection of appropriate pro-
environmental alternatives.

We introduce a process-based approach to analyze and model the multifactorial interactions
between indirect drivers that lead to direct harmful factors (direct drivers) damaging the
environmental state, encompassing waterbodies, ecosystem services, and vulnerable urban areas in
numerous coastal tourist municipalities. Therefore, developing approaches that facilitate
understanding these dynamics is essential for identifying harmful factors and designing alternative
solutions.

Conceptual frameworks must consider the interactions between drivers and pressures.
However, conceptual frameworks applied to environmental systems often overlook or only
superficially address the complexities of multifactorial dynamics that generate harmful factors due
to anthropogenic activities.

To address these dynamics, we propose to build a multifactorial network composed of semantic
pathways, which are composed by sequences of concepts (indirect and direct drivers) represented by
nodes linked by causal relationships between them. which are represented by directed arcs.
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Qualitative assessments supported by this network will help identify harmful factors for
selecting pro-environmental alternatives. Quantitative assessment depends heavily on data
availability, including trends in the relationships between factors over time, among other important
aspects. However, the lack of reliable data, common in developing countries, hinders decision-
making processes municipal wastewater management when selecting of pro-environmental
alternatives, especially when studying the dynamics of the anthropogenic activities and their
environmental impacts.

Engaging multidisciplinary experts within multi-criteria decision-making frameworks is crucial
to address these challenges and ensure informed decisions. Expert involvement should be based on
specific criteria, including contextual understanding, multidisciplinary expertise spanning relevant
fields such as biodiversity, ecosystem services, sociopolitical and socioeconomic aspects,
demographic issues, agricultural practices, cultural activities like tourism, industrial regulations and
consumption patterns, and anthropological considerations.

As previously mentioned, we proposed a process-based approach to build semantic pathways
that begin with indirect drivers and end with direct drivers, also known as pressure factors, to
understand, analyze, identify, and prioritize them, thereby improving wastewater management.

Our proposed decision-making approach operates within a multidisciplinary context, where
experts from different disciplines evaluate semantic pathways based on environmental, social,
economic, and technological factors, as sustainability criteria to support decision-making processes
and select appropriate pro-environmental alternatives aimed at improving, wastewater
management.

This study involved ten experts from different disciplines: environmental management systems,
socioecological systems, biodiversity and conservation, urban engineering, wastewater management,
agriculture, environmental modeling, regional development, and social anthropology.

This study can be replicated in coastal tourist municipalities, addressing anthropogenic activities
that generate harmful impacts on waterbodies, ecosystem services, and vulnerable urban areas.

2. Materials and Methods
2.1. Materials

In this paper, we address the wastewater problem in the municipality of Acapulco located on
the Pacific Coast of Mexico in the state of Guerrero. We examine two important aspects that
contribute to the inefficiency of WWM in this municipality: 1) tourism, considered the most important
economic activity; and 2) population growth, which leads to the expansion of urban areas with both
formal and informal settlements. Both factors contribute significantly to the increase in solid and
liquid waste generation, hindering the efficiency of the WWM.

However, these studies should also consider sociopolitical, socioeconomic, technological, and
cultural factors.

2.1.1. Tourism Data: The Most Important Economic Activity in Acapulco

A study covering data related to tourist visitors, hotel occupancy, and the economic impact in
Acapulco shows significant changes in these variables (see Table 1) during the period 2018-2023,
which include the events of COVID-19 and Hurricane OTIS [43].

Table 1. Effects of COVID-19 and Hurricane OTIS on tourism related to the number of tourists, hotel occupancy

and the impact on the economy due to these events.

Economic Impact

Number of Hotel yye .
Year Tourists Occupancy (millions of Mexican pesos)
Current exchange: 1 usd = 18.23 mp)
2018 9,891,776 49.3% 34,275.0 mp
2019 10,228,539 51.7% 35,441.9 mp
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2020 6,192,520 31.3% 21,456.5 mp
2021 6,405,048 34.4% 28,822.7 mp
2022 8,172,730 47.6% 62,656.2 mp
2023 6,198,391 53.5% 47,520.0 mp

A state of emergency was declared due to COVID-19, on January 30, 2020. The COVID-19
pandemic ended on May 5, 2023. Meanwhile, hurricane OTIS struck the area (from October 22 to 25,
2023). The values of the variables shown in Table 1 decreased during the COVID-19 and OTIS events.
Subsequently, Hurricane John struck the area in September 2024. Despite these three events occurring
sequentially, Acapulco achieved a 65% tourism recovery by the end of 2024 (forbes.com.mx/acapulco-
cierra-2024-con-recuperacion-turistica-de-65-tras-huracanes/). Finally, hotel occupancy during a
recent long week end (November 14-17, 2025) was 78.5%, with 61,112 visitors, based on data provided
by the government of the state of Guerrero, where the municipality of Acapulco is located
(https://www.guerrero.gob.mx/2025/11/guerrero-y-acapulco-superan-expectativas-con-exitoso-
ultimo-puente-turistico-2025/).

2.1.2. Key Data: Years vs Population Growth & Years vs Expansion of the Urban Areas

Figure 1 shows a table with three key data points: the period from 1930 to 2020 (in the first
column), population growth (in the second column), and the expansion of urban areas (in the third
column). The “Years versus Population-Growth” graph shows a clear upward trend in population
between 1970 and 2010. However, population decreased by 158,105 inhabitants between 2010 and
2020. Among the possible causes of this decrease are insecurity caused by criminal groups, the search
for other destinations, and the return to their places of origin. In contrast, the expansion of urban
areas continued to increase significantly.

Years versus Pop-Growth

800

Population
Growth 600
Exp- 400
Year Pop- Urban-
Growth  Area 200
(Has) o
1920 1940 1960 1980 2000 2020 2040
1930 6.529 401 Years
1940 9.993
1950 31.368 872.9
1960 51.766
1970 174.738 1606.5 Years versus Expansion of the Urban Areas
1980 301.902 6252.1 . 20000
Expansion
1990 515.374 of the 15000

2000 620.656 Urban Areas
2010 673.479 10000

2020 515.374 14962.92 5000

0
1920 1940 1960 1980 2000 2020 2040
Years

Figure 1. Years vs Population Growth and Years vs Expansion of the Urban Areas, period 1930-2020 [44].

The subsequent population growth during the 1970s and 1980s was due to the national and
international reputation of this tourist destination. At that time, Acapulco was considered Mexico’s
premier coastal resort, where tourists from Mexico City spent weekends, summers, Easter and New
Year’s holidays. As a result, this flourishing tourist destination became an attractive source of
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employment for a significant number of people seeking jobs unavailable in their hometowns. This
led to what is known as internal migration.

It is clear that this constant internal migration has led to a search for housing, whether in formal
or informal settlements. As a result, basic needs such as housing, sanitation, drainage, garbage
collection, transportation, and clean water have increased in tandem with population growth and the
expansion of urban areas. Despite these complex problems, the expected urban planning has been
lacking, and this is one of the most important concerns that must be addressed.

Figure 2 shows a map illustrating the expansion of different zones (in various colors) within the
municipality of Acapulco during the period from 1930 to 2014. The area with the most recent
expansion is shown in gray and comprises the newer low-income neighborhoods (most of them are
part of internal migration) and the Zona Diamante (Diamond Zone). The latter is a luxury residential
area for residents of Mexico City, located at three-hours away by car. It can be observed that the gray
area has extended into an significant mangrove area surrounding the Tres Palos coastal lagoon. In
addition to the damage caused to these areas, a significant impact is on the extension of urban areas
on Veladero National Park, because these areas are located in the foothills, where the main hazards
are landslides and flooding during the rainy season and hurricanes.

Urban Areas
|} Urban Area in 1930
| UrbanAreain 1981
i Urban Area in 1998
I urbanAreain2014
Nationa| Park Roads
gl Vehderou 1) Av.C. Miguel Aleman
2/ Av. Cuauhtémoc
3 Av. Nifios Héroes
RN 4 Av.Aca-Coyuca-Benitez g
5  Av. Constituyentes
6 Av.A. Ruiz Cortinez
7. Av.Blvd. V. Guerrero
I — @ 8 Av. M. Maza de Judrez
@' Road Cayaco-P. Marquéz |
40 Blvd. de las Naciones
et 000,000
Expansion of the Urban Areas
in Acapulco from 1930 to 2014  oceano
v e Tres Palos
The most recent expansion of urban areas Coastal Lagoon
in gray color has contributed to a
significant increase in wastewater
3l and loss of mangroves N
' ¢ 8 : : ' g : \
H ! i i i i ,

Figure 2. Expansion of the urban areas from 1930 to 2014 [45].

2.2. Methods

2.2.1. Semantic Networks of Multifactorial Interactions That Impact the Environment

The network in Figure 3 attempts to represent how the interrelationships between indirect
drivers (which in this work are anthropogenic activities) cause damage to the environment
encompassing waterbodies, ecosystem services, and urban areas of the municipality under study.

However, at this level of abstraction, the “cause-effect” relationships are not sufficiently
convincing to demonstrate that these indirect drivers cause damage to the aforementioned
components of the environmental state. In conclusion, deeper and more specific knowledge is
required to establish the validity of these “cause-effect” relationships.

Figure 4 shows more levels of representation by adding one level of indirect drivers and two
levels of direct drivers that aim to increase the specification, from which we can identify clearer cause-
effect relationships, thus enriching the knowledge to facilitate analysis and interpretation seen as a
process where indirect drivers (intangible harmful factors) generate direct drivers (tangible harmful
factors).
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Indirect Drivers Environmental State
Population
Growth Damage to
Waterbodies

!

il

—
Socio-
Economic
Damage to
Ecosystem
Services
Socio —
Political /
Technology ‘ Damage to
Urban Areas

Figure 3. A network representing interactions between indirect drivers that cause damage to the environment.

As an example, we can describe the following sequence of concepts (nodes) linked by directed
arcs represented by relationships such as “due to”, “cause-effect”, “giving rise to”, “leads to” to
construct a semantic description like the following: Population growth due to the internal migration
leads to human settlements along the river, around the lagoon, and in urban areas, which in turn
leads to the overexploitation of mangroves and an increase in waste generation (solid waste and
wastewater). Ultimately, the overexploitation of mangroves causes damage to ecosystem services
and waterbodies. Meanwhile, the inoperative WWTPs cause damage to waterbodies, ecosystem
services, and vulnerable urban areas.

Another important aspect is the flexibility to add or remove factors from the semantic network,
as well as the variety of relationships that link concepts. In this article we can include: X “cause-effects
on” Y; X “generates” Y; X “belongs to” Y; X “gives rise to” Y, and so on.

Level-1 Indirect Drivers Level-2 Indirect-Drivers Level-1 Direct Drivers Level-2 Direct Drivers Environmental State
Human
Settlements Bad
along the Agricultural Practices: Agricultural
Population Rifrer River and Lagoon, and Practices
Increase across the Municipality Damage to
Oﬁ — Qierbodics
Human \ Loss of Mangrove
Socio- Settlements Sewage-Sludge Resources /
Economic around produced by Human
the Lagoon Settlements, Tourism,
and Urban activities Damage to
Ecosystem
Services
-
Socio- Settlements of Inoperative ~
Political Urban Areas Overexploitation WWTPs
of Mangroves
Technology Tourism Increase of
‘Waste Generation
— Damage to
Uncontrolleed ___4 Urban Arens
Cultural Urban Sprawl Hindering Proper |
Urban Planning — \
] Inefficient T~
— Urban Planning

Figure 4. Three additional levels have been incorporated to introduce more specific concepts, thus enriching the

knowledge to infer that indirect drivers generate harmful factors that damage the environment. .
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Figure 5 shows an example where we add the level-3 of indirect drivers with new concepts and
their relationships between two adjacent levels (level-2 of indirect drivers and level-1 of direct
drivers), thus enriching the semantic meaning to improve the understanding, analysis, and
interpretation of the processes that generate tangible harmful factors (direct drivers) from intangible
harmful factors (indirect drivers).

Level-1 Indirect Drivers Level-2 Indirect Drivers Level-3 Indirect Drivers Level-1 Direct Drivers Level-2 Direct Drivers Environmental State
Human Specific Regular and Agricultural Practices: )
Settlements Irregular Human River and Lagoon, and Bad Agricultural
Population " N Practices
Growth along the River Settlements (River, across the Municipality
Lagoon and Urban I Damage to
- Areas) identified as — Waterbodies
potentially harmful LT
elements ol
Sewage Sludge produced Loss of Mangrove
I by Human Settlements, Resources

Socio-
Economic

Human Seitlements
around the Lagoon

Tourism, and Urban

acll:ltii__/

Inoperative
Ovel rexplu@\ \\?w]-p,
]
[—

Damage to

Specific Tourism Ecosystem Services

activities identified as
potentially harmful
elements

Settlements in
Urban Areas

Socio-
Political

Mangrove Resources

Increase of
‘Waste Generation

Tourism

Technology

[T —

Damage to
Urban Areas

Urban Services that
generate
harmful elements

Uncontrolled
Urban Sprawl

Hindering proper

Urban Planning
Cultural

Inefficient
Urban \
Planning

Figure 5. Level-3 of Indirect Drivers has been added with new specific concepts and their relationships to
reinforce the knowledge regarding the process that generates tangible harmful factors from intangible harmful

factors.

Below are some examples of concepts and their relationships that could be incorporated into the
semantic network to strengthen knowledge:

e  Specific formal and informal settlements (along the river, around the lagoon and in urban areas),
where sources of harmful elements have been identified;

e Extensions of urban areas through which the Sabana River flows, dragging and carrying solid
waste and wastewater;

e  Specific tourist activities that may generate harmful elements;

e  Specific deficient urban services that contribute to the generation of harmful elements.

One advantage: we were able to easily verify that adding levels enriches the description of
semantic meaning, thus improving the understanding, analysis, and interpretation of the processes
that give rise to the harmful factors derived from level 1 of the indirect drivers.

In conclusion: this approach semantically enriches the understanding of ongoing processes by
improving our knowledge and, consequently, the mechanism for identifying harmful pathways and
their corresponding components.

The relationships between the elements belonging to the level 1 of indirect drivers
(anthropogenic activities) and those of level 2 indirect drivers (see Figure 4) show that, as internal
migration increases human settlements, and uncontrolled urban sprawl also increase, contributing
significantly to waste generation (solid waste and wastewater) and jeopardizing the effectiveness of
waste management. Furthermore, constant tourism also plays a key role in waste generation.

However, based on the relationships between concepts of these indirect drivers (level 1 and level
2), itis not easy to deduce that the interactions between these two levels cause damage to waterbodies,
ecosystem services, and mangrove resources. Therefore, more specific information (concepts and
their relationships) is needed regarding formal and informal settlements, tourism activities, and the
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current state of urban planning to better understand the context and formulate a more precise
conclusion.

The lack of urban planning is one of the most significant factors hindering the fulfillment of
municipal responsibilities, where the wastewater management system plays a crucial role [46,47]. On
the one hand, irregular or informal settlements are a major concern due to the lack of access to
adequate drainage services, suitable housing, potable water, and functional transportation systems
[48,49]. Four tangible harmful factors represented at level 2-direct drivers (see Figure 4), have been
identified that cause damage to waterbodies, ecosystem services, and mangrove resources. Among
the harmful factors related to the level 2 of direct drivers, it is worth noting that wastewater treatment
plants operate inefficiently, both currently and in the past. Furthermore, they generate waste.

2.3. Building Harmful Semantic Pathways

Based on the semantic network shown in Figure 5, we have constructed four pathways, each
associated with a harmful factor belonging to the level 2-direct drivers. These harmful pathways are
as follows: pathway of bad agricultural practices; pathway of loss of mangrove resources; pathway
of inoperative WWTPs; pathway of inefficient urban planning. To explain the function of a semantic
pathway, Figure 6 shows the pathway corresponding to the node representing the concept of
“Inoperative WWTPs”.

Figure 6 shows that the number of arcs converging at the input of the node representing the
concept of “Inoperative WWTPs” is 6, four of them with a solid arc and two with two dashed arcs.
This condition can be interpreted as follows: It is the main harmful factor, since almost all of the
outputs of the previous concepts have a direct or indirect relationship with wastewater treatment
plants. A similar situation occurs with the concept of “Inefficient Urban Planning”. These two
harmful factors must be addressed before the others to improve WWM.

The Analysis and Discussion section provides a more detailed analysis to argue and justify why
these two pathways (WWTPs and Urban Planning) are considered the main harmful factors
deteriorating the environment. Therefore, these two harmful pathways represent the highest priority
that must be addressed.

Level-1 Indirect Drivers Level-2 Indirect Drivers Level-3 Indirect Drivers Level-1 Direct Drivers Level-2 Direct Drivers Environmental State

Human Specific Regular and Agricultural Practices:

Settlements Irregular Human River and Lagoon, and Bad Agricultural
along the River Settlements (River, across the Municipality Practices

Lagoon and Urban

________ -t Damage to
— Areas) identified as P O Waterbodies
potentially harmful |-~ _ -~ -2 --- N
[

- elements _ -~ B h
r \. - Sewage-Sludge produced \ [
by Human Settlements, Al h
Tourism, and Urban \ '
activities

Population
Growth

Socio-
Economic

N Damage to

\ 1‘ \ Inoperative Ecosystem Services
L WWTR
Y

Socio-
Political

elements

Settlements in Specific Tourism
Urban Areas activities identified as
potentially harmful
|

\\

Increase of
‘Waste Generation

Ny
™
Urban Services that

generate

harmful elements

Figure 6. Semantic Pathway of “Inoperative WWTPs”. Arcs with dotted lines represent less weight in a

Technology

” Uncontrolled |~
Urban Sprawl

Cultural

Inefficient B

Urban
Planning

Damage to
Urban Areas

relationship than arcs with solid lines, which represent more weight.

One of the advantages of semantic networks is that they simplify the analysis of complex
systems. For example, at first glance, we can confirm that more factors converge on the pathway
related to the inoperative WWTPs. If we perform a backward analysis of the network representing a
semantic pathway, we can verify which factors from the level 1 of direct drivers converge on the
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input of the node representing the concept of “Inoperative WWTPs”. However, the concepts of the
level 1 of direct drivers have their own inputs, each of which comes from the outputs of the level 2 of
the concepts of indirect drivers, which in turn have inputs from the outputs of the level 1 of indirect
drivers. We can verify that a backward analysis starting at the input of the level 2 of direct drivers
could result in a useful mechanism for identifying the causes of the resulting effects.

However, each semantic pathway can be broken down into sub-pathways. For example, the
pathway of inoperative WWTPs can be divided into the following four pathways (see Figure 6, level-
1 of direct drivers): bad agricultural practices, sewage-sludge production, increased waste
generation, and inadequate urban planning. This method further simplifies the analysis, as it allows
for more specific categorization of harmful factors according to their severity.

Figure 7 shows the pathway of inefficient urban planning. As we can see, it also has a key
harmful role that damage the environment. This pathway can also be broken down into sub-
pathways to facilitate its analysis and interpretation.

Level-1 Indirect Drivers Level-2 Indirect Drivers Level-3 Indirect Drivers Level-1 Direct Drivers Level-2 Direct Drivers Envir State
Human Specific Regular and Agricultural Practices:
Population Settlements .Irregll]arlluman River and Lagoon, and
Growth along the River Settlements (River, across the Municipality
Lagoon and Urban Damage to
Areas) identified as ‘Waterbodies
potentially harmful Lo
\ elements r
Sewage-Sludge produced
I by Human Settlements,
Socio- _ ) Tourism, and Urban
Economic -

activities

1 Damage to
Specific Tourism N, Ecosystem Services
activities identified as !
potentially harmful |

elements -~

Socio- i Settlements in
Political F Urban Areas

; i ! Increase of
Technology : ‘Waste Generation

Damage to
- \ \ Urban Areas
Uncontrolled I Hindering proper Urban Services that

/
b Urban Sprawl Urban Planning generate
Cultural -~ harmful elements
' Inefficient
/ Urban Planning \

Figure 7. The pathway of Inefficient Urban Planning.

3. Analysis and Discussion

The municipality of Acapulco became a disordered city due to its tourism boom from the 1970’s
and 1980’s. This development attracted internal migration in search of employment leading to
informal settlements and to meet urban needs such as housing and healthcare [50-52]. As a result,
the growing urban sprawl also generates a greater demand for basic necessities such as housing,
drainage, garbage collection, transportation, and availability of potable water, among others.

The municipality is divided into two zones: the beach area, where hotels, resorts and luxury
settlements are located, and the city, where most of the low-income residents, including migrants,
reside, highlighting inadequate urban planning and service provision [53].

The wastewater management system in Acapulco reflects broader issues in Mexico, with many

facilities inoperative or abandoned due to high costs and policy deficiencies. Groundwater is
frequently used instead of treated wastewater for various purposes, revealing governance challenges
[54,55].

This study focuses on the multifactorial interactions between anthropogenic activities or indirect
drivers that generate harmful factors, hindering the proper functioning of the wastewater
management system and causing serious damage to the environmental including waterbodies,
ecosystem services and vulnerable urban areas. This problem is contextualized as a complex dynamic
system due to its holistic-multifactorial nature, which complicates the understanding, analysis, and
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interpretation of the processes that cause environmental damage as a result of the inefficient
operation of the wastewater management system.

We have proposed semantic networks involving multifactorial interactions, which facilitate the
understanding, analysis and interpretation of the harmful processes. From this networks, we can
identify specific concepts and their relationships that cause damage to the environment.

Furthermore, we propose improving the understanding of overall semantic network by
constructing the following harmful pathways: pathway of poor agricultural practices; pathway of
mangrove resource loss; pathway of inoperative wastewater treatment plants; and pathway of
inefficient urban planning.

In this section, the analysis and discussion are focused on the pathway of inoperative WWTPs
and the pathway of inefficient urban planning because we consider them to be the main harmful
pathways in this study.

3.1. The Pathway of the Inoperative Wastewater Treatment Plants

Figure 8 displays important numerical and visual data related to wastewater generation.
Discharge points are represented by red dots (21 sites) and wastewater treatment plants (WWTPs) by
orange dots (18 WWTPs), both distributed throughout the municipality of Acapulco. The problem of
waste discharges into the river does not only damage the coastal lagoon but also tourist areas such
as beaches, hotels, and restaurants, as well as the urban population and ecosystem services associated
with the lagoon.

As an example of the prevailing lawlessness in this municipality, we can see that 7 out of 21
discharge points distributed along Acapulco Bay, where most tourist activity is concentrated, are
located here. The wastewater comes from hotels, restaurants, shops, and homes in the area. It should
be noted that, during weekends and holydays, the pollution of this waterbody threatens the health
of tourists due to the contaminated beach water, air pollution, and unbearable, infectious odors.

There are 18 WWTPs in the Acapulco municipality. However, their efficiency is questionable. In
short, wastewater arrives at treatment plants for processing. However, because the WWTPs are not
operating efficiently enough, they discharge untreated wastewater into the Savana River, which flows
through urban areas from north to south and feeds the coastal lagoon. We can confirm that not only
waterbodies are at risk due to the harmful factors described in direct drivers-level 2, but also the
ecosystem services associated with the lagoon, as well as the mangrove resources. Obviously human
wellbeing is at stake.
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Figure 8. WWTPs (orange dots) and discharge points (red dots) distributed throughout the Acapulco
Municipality [56].

One clear conclusion is that a significant portion of the problem of the wastewater generation
stems from the fact that a large number of WWTPS are no longer operational due to inadequate
operation and maintenance of the WWTPs, as well as the theft of resources necessary for their
operation and maintenance. It's absurd: the wastewater arrives at the treatment plants for processing.
however, because WWTPs are not operating efficiently enough, they discharge untreated wastewater
into the Savana River, which runs through the municipality from north to south, where important,
densely populated urban areas are located, and feeds the Tres Palos lagoon with water.

3.2. The Pathway of Inefficient Urban Planning

The growing internal migration to coastal tourist municipalities in developing countries poses
challenges to wastewater and environmental management systems, particularly as they work to meet
growing needs for water supply, housing, and garbage collection, as well as other basic services.

Proper wastewater management aims to meet the needs of water scarcity caused by constant
internal migration to flourishing coastal tourist municipalities, which in turn leads to a steady
increase in population.

Acapulco experiences significant internal migration due to shortage of jobs in neighboring
towns, leading to irregular settlements that put pressure on urban needs [57-61].

In this municipality as in other with similar characteristics worldwide, poor urban planning and
inefficient provision of basic services are observed. In these municipalities groundwater is often used
instead of using treated wastewater for various purposes, which poses challenges for governments
[62,63]. The use of technology is considered a reliable option for wastewater recycling, which can be
used for agricultural purposes, land irrigation, toilet flushing, car washing, industrial purposes,
garden irrigation, etc., instead of using water resources provided by nature.

Based on the above arguments, we can affirm that urban planning together with wastewater
treatment technology plays a relevant role, to a large extent, in supporting wastewater management
to meet the water demand in the municipality.

3.2.1. The Inefficient Development of Urban Planning

The Urban Development Plan (UDP) for the city of Acapulco (a key sociopolitical factor
associated with the governance activities) was approved in 2001, but this important task has not been
fully completed. Between 2013 to 2021, the corresponding administrations updated it, but without
following-up. Furthermore, updating the UDPs requires citizen participation, including from
vulnerable groups and government entities, to support the concept of democratic governance in the
public policy formulation processes.

However, the participation of vulnerable groups has been virtually nonexistent. Furthermore,
the development and updating of UDPs require public consultation, mandated by law, at both the
state and municipal levels. However, vulnerable groups do not attend the working meetings that
address the planning processes. Instead, specific groups, along with government groups, are
overrepresented, acting as representatives of social groups [64]. As a result, the absence of the
vulnerable population from UDP tasks may be due to their lack of interest or government’s inability
to integrate these vulnerable groups and their demands, resulting in a lack of ownership. Instead, it
should be implemented to raise public awareness about improving environmental health and
respecting technology.

As we can see the urgency of developing an urban planning is a clear challenge that must be
addressed combining population growth, socioeconomic, sociopolitical, technological, and culture
factors.

The Sabana River suffers from at least four sources of pollution: 1) wastewater discharges; 2)
malfunctioning of the WWTPs; 3) lack of basic services such as drainage and a garbage collection; 4)
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waste dumped by the urban population itself as well as the tourist infrastructure, such as hotels,
restaurants, service shops and consumer products.

Despite the relevance of consumption patterns as a significant factor contributing to waste
generation (both solid and liquid) and hindering its management, this factor has not been considered
in this study, due to the lack of viable actions that would yield positive results. The experience of
European countries is an illustrative example of the anticipated failures. In Europe, the change in
consumption patterns between 2010 and 2020 has been reduced to around 4%, representing a
moderate decrease [65]. To address this harmful factor, it is essential to consider both production and
consumption, requiring complex and integrated strategies that address both consumer products and
the industries that produce them. However, the lack of transparency (as opposed to corruption) in
combating vested interests associated with many industries is a significant obstacle to overcome in
developing countries, compared to developed countries. Therefore, we risk investing excessive effort
and financial resources to achieve only modest results, meaning that addressing this harmful factor
is not a viable alternative from a practical perspective.

Figure 9 shows the course of the Sabana River through important neighboring urban areas, such
as Llano Largo and Ciudad Renacimiento, and other significant urban areas with formal and informal
human settlements. These informal settlements result from a lack of planning, leading to a lack of
services, which in turn causes significant human discharges of liquid and solid waste directly into
the river or through its tributaries. Furthermore, along the river, from its source to the lagoon,
industries discharge wastewater into the Sabana River.

The thick blue lines represent the main course of the Sabana River. The thin blue lines represent
its tributaries. It can be easily inferred that the combination of the Sabana River’s and its tributaries,
the transport of debris during its flow, the distribution of inoperative WWTPs and discharge points,
and the expansion of urban areas due to inefficient urban planning (see also Figure 2) interact to
generate waste, hindering proper wastewater management, and consequently damages the
environment.

Erazo del Amoyo Seco

Atoyo las Cruces

Bahia de Acapulco

y Uiano Largo

Urban Areas.
Renacimiento neighborhood

Uiano Largo neighborhood N ‘h,».

%
Tres Palos Coastal Lagoon Zes
Course of La Sabana River e,

-~ (IR0

Solid waste landfills

Wastewater discharge sites

Figure 9. The course of the Sabana River through important neighboring urban areas, such as Llano Largo and
Ciudad Renacimiento [66].

3.3. Interactions Between Drivers and Pressure Factors Using the DPSIR Framework

DPSIR has been applied to the following studies related to WWM: water planning and multi-
criteria decision-making for two lake watersheds [67]; tourism intensifies wastewater issues due to
seasonal infrastructure capacities in Croatia, where a DPSIR-based monitoring system tracks
progress in sustainable tourism management [68]; a degradation of Vietnamese beaches due to
tourism, urbanization, and sea reclamation, causing destruction and pollution pressures [69]; in
decision-making processes to define integrated management recommendations for four European
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coastal places situated in Portugal, Spain, Ukraine and Poland/Russia. This last study was focused
on lagoons and primarily on seasonal tourism [70].

In most of the applications of the DPSIR, such as those described above, the relationships
between driving and pressure factors are usually not represented at several levels of abstraction,
lacking sufficient detail to draw conclusions that help to understand the complex dynamics caused
by their multifactorial interactions, thus weakening the decision-making processes. Furthermore, an
important number of applications using the DPSIR do not consider holistic approaches to address
problems whose nature is multifactorial, where anthropogenic activities (human factors) give rise to
pressure factors and whose effects harm environmental, social, and economic aspects.

It is worth mentioning that understanding the dynamics that lead to water pollution problems
is a key issue to address and support decision-making processes that, in turn, will improve
wastewater management, as in the European study covering four countries, which is geared towards
seasonal tourism that occurs from June to August.

Key differences between the European approach and our approach:

e  The European study focused on lagoons and primarily on tourism. In contrast, our study
considered waterbodies, ecosystem services, and urban areas with limited basic services;

e  The coastal lagoons selected in the four European countries are seasonal tourist areas. However,
our study considers all weekends of the year, in addition to traditional holyday periods, which
exacerbates the problem, as damage to waterbodies, ecosystem services, and vulnerable urban
areas increases considerably.

e  The interactions between the driving and pressures factors represented at different levels of
abstraction are not explicitly considered in the European Study. This is necessary to improve our
understanding of these dynamics, which remains a significant challenge.

¢  We emphasize that a poor understanding of these dynamics leads to unreliable assessments of
the environmental state. Therefore, a lack of understanding and assessment results in inadequate
foundation decision-making processes.

Based on the above arguments, it should be noted that we are committed to developing methods
and/or approaches that support essential processes, such as: a) understanding the complex dynamics
inherent in these systems. b) identifying harmful factors that cause damage to the environmental
state; c) building a friendly context that facilitates communication between decision-makers and
stakeholders.

3.4. Semantic Harmful Pathways

The following definition of a pathway serves as reference for the analysis of a harmful pathways
carried-out in this work. A pathway is a partially ordered sequence of concepts linked by
relationships to reach a goal (final state) from an initial state, through intermediate concepts and its
corresponding relationships.

In this work, the initial state is represented by indirect drivers (anthropogenic activities that
represent intangible harmful factors) and the final state by the environmental state encompassing
waterbodies, ecosystem services, and urban areas. Intermediate states are composed of concepts
belonging to indirect drivers (or intangible harmful factors) and those belonging to direct drivers (or
tangible harmful factors).

We constructed a global semantic network; from which we defined four semantic pathways
representing harmful factors. These pathways represent a process associated with intangible harmful
concepts (initial state) that lead to tangible harmful factors damaging the environment in the
municipality under study. However, we focused our work on two harmful pathways related to the
inoperative wastewater treatment plants and an inefficient urban planning. These two harmful
pathways were considered the main pathways causing environmental damage.

We describe a set of important advantages derived from the application of the semantic network,
and its harmful semantic pathways, according to the purposes and scope of this work:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0450.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 January 2026 d0i:10.20944/preprints202601.0450.v1

15 of 20

i)  Facilitate the understanding, analysis, and interpretation of the complex dynamics derived from
multifactorial interactions, without providing complicated formulas.

ii) They represent significant knowledge that supports the decision-making process to improve the
management of wastewater by identifying more specific causes that lead to harmful factors.

iii) Flexibility, where we can remove or add relationships to improve knowledge, which in turn
strengthens the decision-making process. We can aggregate and integrate data from multiple
heterogeneous sources into a unified and coherent knowledge base, providing a holistic view of
the multifactorial process.

iv) They are a useful option when a lack or absence of data hinders the construction of relationships.
In such cases, experts can contribute to building understandable and interpretable relationships
based on their experience with the real world.

v) Improving communication in multidisciplinary contexts where decision-makers and
stakeholders have diverse experience that contribute to the collaborative analysis of complex
processes.

vi) The explicit definition and representation of diverse relationships is a key advantage in building
meaningful pathways to improve the understanding of the dynamics inherent in the complex
process under study.

vii) Reasoning and inference using semantic networks. For example, IF population growth “leads
to” the expansion of urban areas and IF the expansion of urban areas “generates” more solid
and liquid waste, Then pop-growth is an indirect harmful factor according to the law of
transitivity.

viii) Through the semantic networks, we can identify how various factors influence each other across
multiple levels.

Warning: On the one hand, it's important to know that representations with high levels of
abstraction risk falling into a state of overgeneralization, where understanding the dynamics of a
complex system is hard to understand, analyze, and interpret. On the other hand, we must be careful
not to fall into levels of over-specification, where excessive detail does not contribute to improving
our understanding of the problem under study. To avoid this, it is necessary to establish limits from
a practical standpoint.

4. Conclusions

This study aims to identify the processes and causes by which inefficient wastewater
management damages the environment in the coastal tourist municipality of Acapulco, located on
the Pacific coast of Mexico. In this work, we argue that the study of this problem is situated within a
multifactorial context where, due to the multiple interactions between factors, a complex and
challenging dynamics arises that is difficult to understand and analyze in order to identify harmful
situations and propose alternative solutions.

In this municipality, the growing internal migration and constant year-round tourism,
contribute significantly to an uncontrolled expansion of urban areas, thus increasing the problem of
satisfying social needs, such as drinking and/or treated water, drainage, garbage collection,
transportation, and housing, among other important services. This situation complicates wastewater
management (WWM), thereby causing environmental damage. In this work, we deal with the
environmental damages affecting waterbodies, ecosystem services, and vulnerable urban areas.

Uncontrolled urban sprawl and increased migration demand urban planning that involves
experts, key stakeholders, government, and local communities. Community participation fosters a
sense of ownership, improving compliance to maintenance programs and operational standards.
Furthermore, long-term urban planning is especially crucial in cities like Acapulco, where vulnerable
areas face extreme events such as floods, hurricanes and earthquakes.

From the situation described above, we could deduce, a priori, that urban planning is urgent
and must be based on approaches that consider the modeling and analysis of the multifactorial
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interactions associated with anthropogenic activities, such as population growth, socioeconomic,
sociopolitical, technology, culture factors.

However, the multifactorial interactions that occur in wastewater management within the
context of this study make it difficult to understand the complex dynamics inherent in these
management systems. A poor understanding of these complex dynamics hinders proper analysis
and, consequently, leads to unreliable or inadequate results that do not support decision-making.

In this work we have built semantic networks to contribute to two key issues:

e  This approach aims to represent a process where indirect drivers (anthropogenic factors) are
considered intangible harmful factors that give rise to tangible harmful factors (direct drivers)
affecting the efficiency of wastewater management, which in turn causes environmental
damage. The environment state in this work encompasses waterbodies, ecosystem services and
vulnerable urban areas.

e  This approach also aims to facilitate understanding, analysis, and interpretation to identify the
main harmful factors present in sematic pathways, constructed from a global semantic network.
Four harmful semantic pathways have been defined to support decision-making in the selection
of pro-environmental alternatives that improve the efficiency of wastewater management. The
pathways labeled “Inoperative WWTP’s” and “Inefficient Urban Planning” were identified as
the most harmful.

Finally, the advantages of the semantic network approach can be applied in municipalities with
characteristics similar to those of Acapulco. It is worth noting that our approach can be replicated in
socio-ecological systems where anthropogenic activities act as indirect drivers that generate direct
drivers or harmful factors that damage natural resources.
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