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ARTICLE INFO ABSTRACT

Keywords: This study delves into the intricate dynamics of tourism-induced water pollution through a sys-
Water pollution tematic literature review, aiming to unravel complexities using a system dynamics (SD) modeling
Tourism

approach coupled with the PRISMA analysis methodology. Employing a comprehensive PRISMA
analysis of 68 pertinent articles, the study establishes a metamodel for comprehending plastic
pollution in water ecosystems resulting from tourism. The methodology emphasizes economic
and environmental dimensions, causal conditions, and interventions, with a specific focus on the
role of Information and Communication Technology (ICT). The results highlight integrated
strategies as crucial in mitigating tourism-induced water pollution. These strategies advocate for
the incorporation of environmental conservation and sustainable management practices. The
study underlines the pivotal role of environmental education, awareness, and investments in
protection as effective interventions. The findings offer valuable insights for policymakers and
stakeholders in the tourism industry, emphasizing the necessity for proactive planning and
management. The study advocates for knowledge-based decision-making to optimize tourism’s
environmental impacts and underscores the significance of quick and flexible responses to
environmental challenges.
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1. Introduction

Water is essential to life and water pollution and the introduction of toxic substances to water bodies such as lakes, rivers, oceans,
and so on, getting dissolved in them, lying suspended in the water, or depositing on the bed [1], represents one of the most serious
ecological threats. The main aim of this study is to analyze the research dedicated to the system dynamics modelling of water eco-
systems’ pollution generated by tourism. The water ecosystems’ pollution in tourism should be researched in a transdisciplinary way
with a special focus on the interrelationship with the social responsibility concept and sustainability management (e.g. Ref. [2],
sustainability indicators (e.g. carbon footprint — [3], case studies (e.g. Ref. [4], predictive models [5] and ecosystem services
(biodiversity economy; [6,7]. As a starting point for the desirable transdisciplinary studies, the intention behind this study is to deliver
an analysis of the current situation in the aforementioned research directions.
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1.1. Water pollution

[8] noted that pollutants are harmful substances that can include organic, inorganic, radioactive materials, and so on. Pollution
degrades the quality of water, represents a disaster for aquatic ecosystems, contaminates groundwater sources for household con-
sumption, and indirectly causes water-borne diseases and illnesses. While water pollution can be caused in several ways, industrial
waste discharge and city sewage disposals have been noted as the most contributing factors to water pollution [8]. Indirectly, water
pollution can be an effect of contamination from groundwater bodies or the atmosphere via rain [8]. Human agricultural practices and
improper waste disposal systems are known sources of soil and groundwater pollution [9]. Furthermore, tourism-related marine
activities, such as boating, snorkeling, and scuba diving, also contribute to water pollution through the release of oils, fuel residues,
and chemicals [10]. The cumulative impact of these activities can degrade water quality, harming marine ecosystems. Research
emphasizes the need for sustainable management practices to mitigate these adverse effects [11].

Additionally, the expansion of tourism infrastructure, including the construction of hotels, roads, and ports, can lead to habitat
destruction and increased sedimentation in water bodies [12]. Construction activities introduce pollutants such as sediment, heavy
metals, and chemicals into aquatic ecosystems, causing long-term damage. Literature underscores the importance of effective envi-
ronmental impact assessments and sustainable development practices in the planning of tourism infrastructure [13].

Tourists also contribute to water pollution through the improper disposal of solid waste, including plastics, packaging materials,
and other non-biodegradable items [14]. The transient nature of tourism exacerbates this issue, as waste management infrastructure
may not be adequately equipped to handle the sudden influx of visitors. Studies emphasize the need for awareness campaigns and the
implementation of responsible tourism practices to address this aspect of water pollution [15].

The severity of water pollution caused by the tourism industry is evident in the long-lasting ecological consequences observed in
many popular tourist destinations [16]. Increased nutrient levels, eutrophication, loss of biodiversity, and disruption of aquatic
ecosystems are among the documented impacts [17]. The severity is exacerbated by the cumulative effect of multiple stressors,
emphasizing the interconnectedness of various tourism-related activities and their collective impact on water quality.

1.2. Impact of tourism

Tourism as a temporary, short-term based on the movement of people to destinations and their temporary stay outside the places
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where they normally live leads to excessive consumption of single-use plastic items such as food packaging, bottles, or hotel bathroom
accessories [3,4].

Beyond its importance to the existence of the terrestrial life and its criticality in the composition of biosphere, water serves as a
crucial source of tourist attraction in coastal and many vitreous destinations [18]. Water ultimately contributes to the experiential
quality of tourism activities in water tourism destinations, however, pollution of water and beaches significantly reduces the quality of
the experience of water tourism participants [5,19]. The predominant component of visible pollution in oceans with a share of about
80 % (e.g. Ref. [20], is plastics, transmitted to the seas and oceans mainly by rivers [21]. Due to its global rapid growth, transformation,
and massification, tourism contributes substantially to the pollution of the environment, especially by plastics [22-25]. On the other
hand, tourism itself suffers from this pollution, while visitors prefer clean destinations (e.g. Refs. [5,26-30], and some segments of
visitors even virgin/authentic sites (Wang, 1999). According to the social exchange theory [31,32], the deteriorated life quality of local
inhabitants increases their tourism irritation, and this results in a decrease in visitors’ experience quality [33,34]. The relationship of
tourism to water pollution and water resources in the form of a mental map summarizes Fig. 1.

Tourism-led growth hypothesis, which argues that tourism development is an indicator of economic growth and development, has
been validated in academic scholarship. Thus, as tourism develops, the host nations also grow economically resulting in infrastructural
development and an increased rate of industrialization [37,38]. According to Ref. [39]; the rate of industrialization and economic
growth is often measured by the number of plastics in society. He argues that in this optics, the larger the share of plastics, the more
developed the economy, and at the same time an increasing amount of plastic waste is destroying the environment. The degree of the
problem of plastic pollution is documented by the rapidly increasing production of over 335 million tons of plastics worldwide in 2016
[40] and 400 million tons of plastics worldwide in 2018 [41], buying one million disposable plastic bottles every minute with only 20
% of disposable plastics being recycled since 2015 (United Nations, 2021), and discovering plastic pieces in almost every place on
Earth, including Mariana Trench and Mount Everest [42]. Under different conditions of waste management, the development of plastic
pollution on Earth until 2060 is modeled [43].

More specifically participation in adventure tourism generates a need for other longer-use plastic outdoor items such as a tent,
sleeping bags, rafts/canoes, or surfboards. Both the demand and supply sides of the tourism market are contributing to plastic
pollution, directly in destinations and resource regions [44]. applied SD models for single-use plastic reduction initiatives in the food
sector in Thailand. The surge in single-use plastics is due to the urgent production of face masks and medical protective equipment
during COVID-19 (Nikiema and Asiedu, 2022).

According to WWF (2018), the most popular seaside destination for tourists in the world is the Mediterranean region, which is
visited by more than 220 million tourists every year. The organization points out the fact, that during the tourist season, these 220
million people would cause about a 40 % increase in plastic waste in just three months. As stated by Rosian [45]; due to the
semi-enclosed position of the Mediterranean Sea and a large number of estuaries such as the Nile, Ebro, Rhone, Po or Ceyhan, and
Seyhan in Turkey, this sea is becoming a so-called "plastic trap", and this is the area with one of the highest concentrations of plastic
pollution in the world.

According to Ref. [46]; rural tourism’s development can lead to pollution of water sources. They noted that commercializing rural
areas for tourism purposes results in more visitors coming through, increased infrastructure investments, and changes to land use
patterns—all factors that must be carefully managed when expanding rural tourism operations. These factors can contribute to water
pollution through increased wastewater production, agricultural runoff, and poor waste management practices. Such pollutants
contaminate rivers, lakes, and groundwater supplies, which affects their quality in rural areas [47]. Such pollutants contaminate rivers,
lakes, and groundwater supplies, which affects their quality in rural areas [47]. [48] propose redefining rural resources as countryside
capital, specifically discussing rural tourism as an example [49]. present evidence for sustainable rural tourism activities to minimize
negative environmental impacts, particularly water pollution. Their work contributes to understanding integrated rural tourism as a
concept. They assert that integrated rural tourism should take environmental sustainability into account and protect natural resources
such as waterbodies to minimize pollution and maintain rural areas’ attractiveness.

Urban tourism pollution has also become an increasing problem. Tourism activities, including increased transportation, accom-
modation facilities, and waste generation, contribute to water pollution in urban areas. Urban water bodies may become more polluted
as a result of wastewater discharge, poor waste management techniques, and tourist use of chemical products [50]. [51] highlighted
one of the primary drivers behind tourism growth: increasing demand among visitors for new experiences and travel destinations. This
demand may lead to increased tourism activities in urban areas, which in turn contributes to water pollution through waste generation,
improper disposal methods, and strain on water resources (Mikhailenko et al.). (2020) conducted a literature review on cadmium
pollution in tourism environments and found that tourism activities, including hotel wastewater management and increased traffic
volumes, contribute significantly to its presence on beaches, coastal waters, and urban parks. However, pollution from these sources
can have adverse consequences for tourism destinations [52]. Urbanization itself, which often coincides with urban tourism activities,
further compounds water pollution issues [53]. assessed urbanization’s impact on river water quality in China’s Pearl River Delta
Economic Zone and found that urban river waters were significantly more polluted compared to rural rivers. Urbanization leads to an
increase in industrial and domestic wastewater discharge as well as pollution release from urban areas, all of which lead to reduced
river quality [53].

Tourism and human society with accompanying processes in it can be viewed as complex systems. Therefore, different computer
modeling techniques, including models of system dynamics, are applicable. According to Forrester (1961, 1969), system dynamics
(SD) aids in understanding the nonlinear dynamics of complex systems over a period of time. Models are developed employing time
delays, table functions, internal feedback loops, flows, and stocks. Stock and flow diagrams (SFD) and causal loop diagrams (CLD) are
the two primary diagram forms that constitute these artefacts. Typically, CLD captures cardinal system variables and establishes their
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relationships. Systems Archetypes are universal CLD types that work well in most fields. SFD documents system dynamics and can be
applied to a variety of tasks, including scenario evaluation, testing in extreme conditions, sensitivity analysis, boundary testing, and
predicting future system behaviour.

2. Materials and methods

System dynamics models provide an invaluable means of comprehending complex systems [54]. These mathematical represen-
tations of interactions and feedback loops within a system enable researchers to simulate and predict its behavior over time [55]. When
applied to tourism-induced water pollution issues, system dynamics models can help researchers simulate plastic waste entering
aquatic ecosystems while also assessing different interventions or policies implemented for pollution reduction [56].

PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) is an internationally recognized, rigorous approach
for conducting systematic reviews [57]. The PRISMA review methodology was employed to thoroughly assess research approaches and
results related to modeling tourism-generated water pollution [58]. PRISMA provides a checklist and guidelines to enable transparent
and comprehensive reporting of systematic reviews, ensuring all relevant studies are identified, selected, and analyzed impartially and
systematically [59]. A recent PRISMA review of scientific contributions published between 2010 and 2022 allowed researchers to
synthesize existing research on system dynamics modeling of tourism-generated water pollution [58].

PRISMA analysis was chosen as part of this study due to its transparent and replicable process for conducting systematic reviews
[60]. By adhering to PRISMA guidelines, researchers ensured their review was comprehensive, impartial, and followed a rigorous
methodology [58]. This methodological approach proved particularly valuable when researching because it allowed for synthesizing
existing evidence while simultaneously identifying research gaps or future opportunities [61].

The present study focuses on system dynamics models of the water pollution, generated by tourism. The PRISMA review [62] was
conducted. The following research questions were formulated.

Q 1 Which kind of SD models describing sources, transport, and distribution of pollution of water has already been published?

Q 2 Which types of water environments (such as marine, brackish, freshwater, etc.) polluted by tourism-generated debris are
frequently researched?

Q 3 What were the models’ purposes and temporal scales?

Q 4 What is the geographic distribution of case studies?

Q 5 What system dynamics diagrams and modelling platforms were used? What is the focus of studies on the relationship between
tourism water pollution and aquatic ecosystems using SD?

The initial search was undertaken using scientific databases Scopus and Web of Science in February 2023. The review includes full
texts published in English, published after 2000. The selection criteria and data-gathering approach centered on system dynamics. in
relation to the main topics: water and water ecosystems, pollution, and tourism. Cross-searching was carried out employing the
domain-relevant search terms and system dynamics keyword. (Table 1). The keywords and abstracts of articles were examined to
exclude papers that failed to satisfy the selected inclusion criteria (Table 2).

In the first step, 313 results from scientific databases were identified. After removing 184 duplicates, 129 papers were obtained

Table 1
Search terms.
Tourism Pollution Water and water ecosystems
Attraction Contamination Aquatic

Camp Dirty beach Coast
Canoeing Disposal Coastal
Cruise Emission Drinking water
Destination Garbage Ecosystem
Diving Litter Groundwater
Event Plastic Lake
Excursion Pollutant Marine
Hospitality Pollution Ocean
Hotel Recycling River
Leisure Sewage Riverine
Rafting Toxic Sea
Recreation Trash Smelly water
Resort Waste Water
Scenic spot Waste Impact Waterfall
Sea
Tourism
Tourist
Travel
Trip
Visitor

Sources: Scopus and Web of Science
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from which 82 papers were sought for retrieval. The rest of the 47 full-text papers were rejected after the title and abstract screening.
As two full-texts were not accessible, only 80 papers proceeded to the full-text eligibility assessment stage. Seven papers were excluded
in which no system dynamics diagrams or equations were presented, seven other papers were excluded where water pollution was not
explicitly captured in the model. Finally, 66 papers (55 journals and ten conference contributions) were analyzed in the frame of both
quantitative and qualitative research. Fig. 2 depicts the entire procedure while table 7 (Appendix) presents the selected studies.

Finally, the general scheme (figure 8) situation regarding SD modelling of tourism-induced pollution and degradation of water
resources and aquatic ecosystems was derived from the synthesis of the partial results.

3. Results

The growing interest in SD modelling in tourism is significant. The majority (91F) of studies were published within the last decade
(2012-2023), and over half of them (54 %) between 2018 and 2023. Notably, 2007, 2009, 2012, and 2021 stand out with zero
publications, hinting at potential gaps or reduced research activity during those periods. However, a surge in research interest is
evident from 2014 onwards, with a peak in 2018. The significant spike in 2018, with 15 papers, might be indicative of a peak in
research output, potentially influenced by emerging issues, technological advancements, or increased funding. While certain years,
such as 2014, 2015, and 2018, demonstrate a consistent and relatively high number of publications, others like 2007, 2009, and 2012
reveal a lack of research focus during those specific periods. The decline in the number of papers in 2020 and 2021 might be attributed
to external factors, such as the global COVID-19 pandemic, which could have disrupted research activities and publication schedules.
The overall trend suggests an increasing interest in the topic, especially from 2014 onwards, possibly indicating its growing impor-
tance, relevance, or complexity within the academic community.

Interest in SD models grows in general, see e.g. SD review in healthcare [63], transportation [64], and engineering [65].

Answer to Q1: Which kind of SD models describing sources, transport, and distribution of pollution of water have already
been published?

Three categories of papers with respect to the main topics focused on by authors were identified. A large part of the papers is
focused on sustainable tourism and carrying capacity. Usually, authors examine the effects of various potential policies on the
ecotourism demand and environmental conditions. These models have been already explored by Ref. [66]. A certain number of models
are focused on transport or traffic models, with pollution (of air, water) being one of the important side-effects. Waste production itself,
including water pollution by plastics, was, optionally with respect to tourism, presented in the minority of papers.

With respect to tourism itself, the following topics are studied: agritourism [67], cave tourism [68], city tourism [69-71], tourism
[72-75], destination image [76], ecotourism, low-carbon, tourism, impact on the ecosystem [77-79], highly aggregated tourist crowds
[79], international tourism [80], island tourism/small island tourism [81,82], lagoon ecosystem [83], national park, natural recre-
ation [84], regional tourism, local tourism [85], world heritage [86].

In relation to pollution, the majority of papers discuss waste or pollution in general. Municipal solid waste is a typical type of waste
presented in models. Other types of waste are water pollution, solid waste, plastic waste, marine pollution, air pollution, and carbon
pollution.

Different types of pollution sources have been studied for water-related ecosystems. Numerous research and various contexts have
identified carbon emission as one of the sources of pollution. For instance, a study by Ref. [87] investigated the relationships of five
subsystems in Jiuzhai Valley, and carbon emission was one of the parameters taken into account in the environmental representation
subsystems and the same context was studied by Ref. [88] in promoting sustainable development. Number of tourists and carbon
emissions have been found to be causally related. Using the bottom-up approach to calculate carbon emissions [89], found a causal
relationship between transportation behavior and carbon mission in Karimunjawa, Indonesia. In their study of the Barents Sea Region
[90], found that among other factors, carbon uptake and export were of interest to the stakeholders. They were concerned about the
impacts of climate change on the fishery industry, tour operators, other tourism businesses, environmental, and other
non-governmental organizations. In addition [73], discovered a connection between population quality, size, and greenhouse gas
emissions in Baoding, China’s city [91] conducted a study on the effects of historical and real-world behavior on the endogenous
dynamics of the power consumption on the Azorean island of Sao Miguel. According to the results of their analysis, the island should
take into account three crucial system components to accomplish its low-carbon goals: electrification of the transportation sector,
increased tourism, and energy efficiency. Similar findings have been drawn from further studies, including [65] in Beijing [83], in the
Chiku coastal zone [79], in Xingwen Global Geopark [92], in Galapagos Islands of Ecuador [73], in Dalian city, and [68] in Hinag-
danan Cave.

Table 2
Inclusion criteria.
Criterion Requirement
Language English
Type of paper ~ Journal article, Conference paper, full-text available
Publication 2000-2023
Problem Exploring the relationship between tourism and pollution of water ecosystems, namely plastic pollution

Methodology Use of system dynamics modelling to address the problem (consisting of system dynamics equation, causal loop diagram, stock and flow diagram,
and/or system archetypes).




M. Paskova et al. Heliyon 10 (2024) e23824

|' Identification of studies via databases and registers

|
g Records identiﬁed from Scopus ?ggﬁ%ﬁmved DEtE
§ and gffbﬂa?mme Duplicate records removed
i - (n=184)
v
Records excluded after fitle and
Ee?lrgg)screened ——»| abstract screening
- (n=47)
v
Reporis sought for retrigval Reports not retrieved
2| | (n=82) 7| =2
H
: I
@
S Reporis excluded:

(F:'ef%ﬁ assessedforefgibiiy | = Neither SD diagram nor
equations are presented
=7}

Water pollution was not
involved in the model
(n=T7)

v

Studies included in review
(n = 68)

Included

Fig. 2. PRISMA flow diagram.
3.1. Plastic pollution

Ever since plastic was commercially developed, there has been an accumulating buildup that has resulted in pollution. Human
activities result in the production of plastic trash, which is then transported to the ocean and accumulates in the marine ecosystem
[93]. Numerous studies have shown that tourism-led growth occurs in Small Island Developing States (SIDS), however [94], in the
Maldives found that inorganic wastes and inorganic wastes are harmful to the destination. In Sagarmatha National Park and Buffer
Zone in Nepal, environmental degradation is pervasive and is mostly attributed to the uncontrolled expansion of tourism-related
activities. Solid wastes (including debris) are no longer the only source of pollution; it is also affecting water quality [95]. Similar
research was conducted by Ref. [96] on the management of municipal solid waste (MSW), which includes plastic waste, in touristic
islands (Balearic Islands). They found that the main drivers of the MSW generation were the tourist population, resident population,
and Gross Domestic Product per capita.

3.2. Solid waste and municipal waste

In Sicily [97], asserted that factors influencing tourism demand include the urban environment, transportation infrastructure,
natural resources, and cultural resources. In the urban environment, sources of pollution include solid wastes, crowding, and vehicles.
Overcrowding, pollution, and water shortages may potentially have an impact on the viability of tourism on Cat Ba Island, according to
Ref. [98]. This was also validated in Ref. [99] study of the Cat Ba Biosphere Reserve in Vietnam. The marine ecosystem and coastal
environment in Cijin and Kaohsiung, Taiwan, have been significantly degraded by waste from tourism activities [74,75]. The waste
and pollution subsystem in Gu et al.’s (2021) study of the Maldives divided solid waste generation into two categories (by locals and
tourists), which is similar to Ref. [100]; Luo et al.’s (2020), [85,101]; Pizzitutti et al.’s (2016), and [77] study in Tunisia, Xingwen
Global Geopark in China, Tibet, Chiang Mai City, Galapagos Islands of Ecuador, and Rawa Danau respectively The relationship be-
tween tourism dynamics and pollution dynamics is found by Ref. [102] as a source of waste loading in Pieh Marine Park, which was
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validated in Amsterdam [103] and South European island tourist economies [81].

Answer to Q2. Which types of water environments (such as marine, brackish, freshwater, etc.) polluted by tourism-
generated debris are frequently researched?

With respect to the water ecosystem, most papers discuss the pollution of seas and oceans. Other topics are rivers, canals,
groundwater, domestic wastewater, and brackish water.

Twelve publications on water discussed the marine, ocean, and sea, including the following: The study by Ref. [89] focused on
Karimunjawa National Park, which is situated in the Java Sea’s Karimunjawa Archipelago. While [94] research on the Maldives
focused on the management of trash generation, Gu et al.’s (2021) study on tourist recovery post-pandemic in the Maldives took the
Indian Ocean into account. Studies on ocean literacy and ocean protection by Refs. [93,104] respectively, focused on the ocean. The
Pieh Marine Park in Indonesia served as the core of Nugroho et al.’s (2019) research on the long-term viability of marine protected
areas. In a study on the effects of climate change on marine fish [90], took into account ocean warming, acidification, and other
environmental factors. The degradation of the marine ecology and coastal environment in Cijin was the focus of the research by
Ref. [74]; although with an emphasis on sustainable coastal tourism which was also addressed by Ref. [75]. In their 2018 study,
Estay-Ossandon and Mena-Nieto also took into account the Balearic Islands while evaluating the Canary archipelago, one of the most

Table 3
Temporal scale and Purpose of models.

Citation Temporal scale Period Purpose of the model

[80] 1 year Not specified — 100 years To analyze the state of underground water

[78] 1 year 2005-2015 Predicate future of ecotourism

[84] 1 year 2008-2030 Analyze tourism in the national park

[104] 5 years Not specified — 30 years Increase ocean literacy

[106] 1 month Not specified — 120 months Decision Support System

[107] 0,5 year 2007-2017 Secure the sustainability of the wetland

[108] 1 year 2011-2025 Find out the possibility of land use (incl. touristic useable land)

[83] 1 year 2000-2070 To simulate long-term land-use interactions and carbon emissions trends
[93] 1 year 2010-2030 The ocean cleanup project

[109] 1 year 2020-2040 Hotel’s adoption of renewable energy technology

[96] 2 year 2000-2030 Show main producers of municipal solid waste

[82] 1 year 1999-2030 Forecasts of the future municipal solid waste generation

[110] 1 month Jan-17-Jun-20 Tourist behavior research - Tourism recovery strategy

[111] 5 year 2015-2030 Analyze European demand for bio-plastic

[112] 12 months Not specified - 120 months Forecast need for human resources in the tourist area

[86] 1 year 2007-2027 Analyze investment into transportation infrastructure for tourism development
[94] 1 year 1979-2050 Analyze waste production

[90] 1 year 2015-2075 Analyze the Barents Sea area

[113] 1 year 1995-2020 Simulates hypotheses of economic growth

[75] 1-time unit Not specified — 30-time units Decision Support System for Sustainable Coastal Tourism

[114] 1 year 2000-2018 Analyze the impact of new infrastructure on tourism

[88] 1 year 2000-2100 Analyze the impact of tourism development on eco-environment

[73] 1 year 2001-2028 Analyze ecological system security

[87] 1 year 2013-2025 Analyze the impact of decarbonatization on tourism

[79] 1 year 2010-2030 To measure the carbon footprint

[98] 1 year 2004-2030 Planning for tourism development

[115] 1 year 2006-2015 Decision Support System

[91] 1 year 2005-2050 To analyze the impact of low-carbon law on an isolated island system
[70] 1 year 2015-2055 Study visitors of Cape Town

[71] 1 year 2013-2023 To improve tourism in Surakarta City

[102] 1 year 2003-2040 Interpreting Daly’s Sustainability Criteria

[116] 1 day Not specified — 90 days Evaluate flooding impacts on municipal solid waste management services
[92] 1 year 2012-2033 Plan scenario for tourism management

[69] 1 year 1990-2050 Minimize the harmful effects of tourism

[117] 1 yar 1930-2022 Analyze total plastic input, microplastic input, and microplastic input to the ocean
[118] 1 year Not specified — 25 years To analyze animal ecology and human behavior in Stingray

[119] 1 year 2012-2037 Study the food-supply system in Galapagos

[103] 1 month Not specified — 120 months Decision support system

[120] 1 year 2013-2025 To analyze the potential of the destination

[77]1 1 year 2020-2030 Management of ecotourism destination

[121] 1 year 2012-2020 To improve cultural heritage sector performance

[89] 1 year 2009-2031 To build a policy scenario for reducing CO2 emission

[74] 1 year Not specified — 30 years Decision support system

[122] 1 month Not specified — 12 months Integrated plastic management system within an agricultural enterprise
[68] 1 year 2011-2036 To identify the carrying capacity of the cave

[123] 1 year 2009-2030 Sustainable planning

[124] 1 year 2010-2035 Policy modelling for municipal solid waste management

[81] 1 month Not specified — 720 months Analyze mass tourism

[125] 1 year 2008-2025 Planning, and optimization of the tourism environment system

[72] 1 year 2014-2054 Show the change in the landscape

[85] 1 year 2000-2050 Development strategies for sustainability
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popular tourist destinations in the European Union. In their study on coastal management [105], used the Dutch Wadden Sea as a case
study.

There were nine papers on drinking water, freshwater, and domestic water. These include the research conducted by Ref. [69] on
sustainable development in a rural area of the Gucheng District of the City of Lijiang. Their findings of this study, which are similar to
those of [100] study of Tunisia, showed that as the tourist population rises, drinkable water reduces and low water use may have an
impact on locals’ quality of life. According to Pizzitutti et al.’s (2017) research on the Galapagos Islands in Ecuador, the expansion of
new urban areas is impacted by drinking water, sewage, and electricity. Fresh water supply is one of the sectors that add to the
complexity of the tourism industry, according to a study on the sustainability of mass tourism in South European island tourist
economies by Ref. [81]. Walsh et al. (2014) studied the well-known dangers to national parks by modeling human dynamics, bio-
complexity, and global change. The availability of freshwater was a key consideration for the authors when selecting national parks. In
Rawa Danau, Indonesia [77], conducted research on the sustainable management of the freshwater swamp forest as an ecotourism
destination.

The rest of the papers focus on less frequent topics such as canals in Amsterdam [103], brackish water in Hinagdanan Cave in the
Bohol Island UNESCO Global Geopark [68], or underground water in the Cat Ba Biosphere Reserve in Vietnam [99].

Answer to Q3: What were the models’ purposes and temporal scales?

The temporal scale of the studies under consideration ranges between 6 months and 5 years, with most models working with a step
of 1 year. The details on the temporal scale, the period, and the purpose of each research model are included in Table 3.

Other studies not presented in Table 3 inclu [67,101]; and [126]; whose purpose of the model is the decision support system [97,
100]. analyzed the tourism sector in Tunisia, and Sicily respectively, while [127] evaluated natural destinations and their visitors. The
purpose of [76] research model is to understand the complexity of Ethiopia’s image as a tourism destination, while for [128]; to
improve tourism in Slovenia. Furthermore, developing social-ecological system indicators was the aim of [105] model, for [99]
identified sustainability leverage points, and [129] examined the condition of the endangered animals. The focus of [130] model is to
reduce the amount of plastic pollution in the ocean in Indonesia [95], focus was on creating a waste plan, and Walsh and Mena’s (2014)
study model was aimed at analysing the threats to the national park.

One of the purposes of the model is to study the safety of overcrowded areas which was conducted by Ref. [131]; carrying out a
thorough investigation of the accidents involving densely populated tourist crowds that also identified the occurrence mechanism and
mitigation strategies. Other purposes include.

1. Analysis of the state of the environment/ecosystem in relation to sustainable tourism as seen in Ref. [80]; where the authors applied
the Amtoudi Oasis in Southern Morocco, Northern Sahar. A similar purpose was found in Ref. [78] study of Taleqan County in
Alborz province, Iran.

2. Prediction: some of the articles such as [82,112] aimed at forecasting the need for recourses in agritourism and future municipal
solid waste generation respectively.

3. Decision support and planning was another purpose identified in studies such as [85,131]; and [128]. [85] dynamically assessed
future sustainability and compared the evolution of sustainability from 2014 to 2050 under various development strategies [131].
study also aimed at providing a high-quality management response for safety precautions for highly aggregated tourist crowds
[128]. study also aimed at understanding how the Slovenian Tourism development plan and policies should be systematized and
enhanced to enable more comprehensive innovation management.

4. Analysis of tourism in specific destinations towards improving destination management was found to be the motivation in studies
such as [100,110]; and [127].

5 [104]. study was geared toward educational purposes by increasing ocean literacy.

6. Simulate long-term period in relation to process: land use interactions and carbon emissions (e.g. [83],

Temporal scale:

The temporal scale of the model was not presented in 15 papers.

The Time step is one year in 49 papers, while 6 papers’ time step is 1 month [116] simulated the period of 90 days (the shortest
period among all models), and [122] operated with 12 month period. The longest period: 110 years from 1990 to 2100 was studied in
Ref. [69]. Typically, simulation periods start between 2005 and 2015 (close to the date of publishing the paper) and simulations take
tens of years steps, e.g. papers attempt to predict the future, e.g. the period 2008-2027 in Ref. [86]; 2012-2037 in Ref. [119] or
2014-2050 in Ref. [85].

Answer to Q4: What is the geographic distribution of case studies?

Most models focus on particular destinations from all over the world, e.g., Brazil [80], Iran [78], Thailand [101], South Korea [72],
Tibet [85], Nepal [95], Norway [90], Mexico [95]. There are also studies describing models of small island destinations, attractive to
international visitors such as the Canary Islands [82], the Cayman Islands [118], Maledives [94,110] and Galapagos [119].

China and Taiwan locations are analyzed in 17 papers, followed by Indonesia (9 papers). Case studies from multiple locations were
provided by Walsh et al. (2014), and the global ocean was studied by Ref. [93]. Location was not specified in the five papers.

Answer to Q5: What system dynamics diagrams and modeling platforms were used?

The distribution of the modelling platform reveals interesting insights into the preferences and trends within the field. Vensim
emerges as the most prominently used software, constituting 46 % (23 papers). This dominance suggests a strong preference or perhaps
a high level of functionality and user-friendliness associated with Vensim among researchers or practitioners in System Dynamics
[132]. Following Vensim, Stella accounts for 18 % of the usage, indicating a notable but comparatively smaller share. Stella, known for
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its user-friendly interface and graphical modeling capabilities [133], seems to be a popular choice, albeit to a lesser extent than
Vensim. Powersim also holds a substantial share, representing 16 % of the reported software usage. Powersim is recognized for its
simulation and modeling capabilities [134], and its presence in a significant portion of the cases underscores its relevance in the
System Dynamics modeling landscape. The "Not Specified, Own" category, encompassing 16 % of the cases, introduces an interesting
dimension. This may imply that a notable proportion of researchers or modelers either use proprietary or customized software so-
lutions tailored to their specific needs. The lack of specification may also indicate a diverse range of tools used by different individuals
or groups within the System Dynamics community. MapSys and Simulink each contribute a modest 2 % to the overall distribution.
MapSys, although less commonly used, might have niche applications within certain contexts, while Simulink, a powerful tool for
model-based design [135], appears to have a relatively smaller footprint in the creation of System Dynamics models compared to other
software options. More than one modelling platform was used by Refs. [98,103,107]; and [89].

Additionally, Causal loop diagrams (CLD) only were presented in 16 papers. CLD and archetypes were presented in two papers.
Stock and flow diagrams (SFD) only were presented in 19 papers. CLD and SFD were presented in 34 papers.

Answer to Q6: What is the focus of studies on the relationship between tourism and water pollution and aquatic eco-
systems using SD?

3.3. Focus of studies

[96] considered how tourism contributes to waste production. Municipal solid waste generation in the Balearic Islands is inves-
tigated. The production of solid waste by tourists and locals until 2030 is forecasted. Similarly, [94]; explored environmental pollution
in the Maldives with respect to the number of tourists per year until 2050 [85]. investigated sustainable tourism in Tibet under several
scenarios up to 2050 using CLD and SFD. The simulation’s outcomes include tourism enterprise value, tourist-related employment,
number of tourists, and pollution. Using CLD and systems archetypes like shifting the burden (international aid), the tragedy of the
commons (carrying capacities in tourism), and fixes that fail (tourism development) [99]. identified key sustainability factors in the
tourist area of Cat Ba Biosphere Reserve, Vietnam.

[81] focused on mass tourism sustainability in island economies. A complex SFD was created by the authors aimed at accom-
modation capacities, waste, energy and water supply, visitor numbers, and transport. The simulation provided predictions for the
requirement for accommodation capacities, tourism impact on price, and the total number of tourists for 720 months under various
scenarios.

In collaboration with local organizations [123], sought to develop Bali’s touristic villages sustainably. The simulation’s results
included the projection of sacred places, green space, settlements, and areas of paddy fields until 2030 under several scenarios. In their
case study of Pieh Marine Park [102], focused on the marine protected areas’ sustainability. Their initial SFD captured pollution,
non-renewable resources, and renewable resources, while their CLD demonstrated a connection between the key elements of the
marine park (coral reef condition, pollution, visitor numbers, and fish population). The primary SFD linked the marine park’s key
variables. The simulation was created to forecast pollution, fish, and coral populations up to 2040 under various scenarios. Similarly,
using a sustainable fisheries model and a tourist model, the socioecological system in the Dutch Wadden Sea region was investigated by
Ref. [105]. The touristic sub-model included variables that measured sustainability, investment in tourism, proportions of flora and
fauna, visitor number, and satisfaction. Only a few studies explored tourism generally; for instance Ref. [73], examined ecological
system security in the case study of Dalian, China’s coastline tourist city. CLD demonstrated links between tourism-related variables,
the environment, and economics. SFD focuses mainly on population size, visitor numbers, and GDP. The simulation predicts the marine
population, tourism income, and number of visitors until 2028 under three possible scenarios. Other articles examined coastal tourism.
In their 2018 study, You et al. focused on South Korean coastal regions’ changing landscapes. Coastal forests, coastal grassland, and
coastal sand dunes were shown to vary in relation to tourism infrastructure up to 2054 using SFD. The authors created two distinct
scenarios, the first of which was centered on the value of ecosystem services and land erosion. The second scenario was updated to
assess how the ecosystem services are impacted by the landscape plan. Several studies examined how tourism contributes to waste
production [96]. conducted research on the generation of municipal solid waste in tourist islands using a case study of the Balearic
Islands. According to several scenarios, the research estimated that visitors and locals will generate solid waste up to the year 2030.

Using the Maldives as a case study [94], explored waste production. The primary factors in SFD’s analysis of environmental
pollution and economic growth were the tourism supply and demand, amount of waste, and number of visitors. The waste sub-model
was also thoroughly processed and the simulation provided annual predictions for waste, revenue, and visitors up until 2050 under
different scenarios [68]. applied SD modelling to identify a sustainable carrying capacity of the cave system in the Philippines, with an
interesting ambition to develop a model archetype that “can also be tailored-fit to address the uniqueness of characteristics and attributes of
any tourism system”. In relation to water, the authors mentioned “water-related results from human activities” such as “alteration of water
chemistry, alteration of cave hydrology and introduction of alien materials such as pollutants, nutrients, animal species, algae, and fungi.”

Recent work focuses on the challenges posed by the COVID-19 pandemic and its negative impact on tourism (hand in hand with the
positive effect on the natural environment). While [94] addressed the problem of tourism growth and related waste generation in
Maldives [110], examined the tourism recovery strategies for the same destination. Small exotic islands are devastated by tourists, but
nowadays their economies suffer from the lack of visitors [105]. adopted a group model-building approach as a diagnostic participative
tool for understanding the determinants of characteristic social-ecological systems (SES).

In some papers, tourism is not involved in models explicitly. For example, the Shanghai municipal solid waste model [124] operates
with permanent residents and migration residents, but tourism as a phenomenon is not discussed. The limitation of SD models lies in
insufficient empirical data; e.g. Ref. [110], compare four new tourism strategies (social distancing, tax reduction strategy, travel bubble
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strategy, joint strategy) which are so new that data are not available.

3.3.1. Variables in models

In Table 4, various models explore the relationship between tourist-related variables, water-related variables, and pollution-related
variables [121]. investigate tourists, tourists’ satisfaction, and tourists’ needs without delving into water or pollution factors [105].
consider the use value for tourists, the number of tourists, and spending per tourist, incorporating mussels and the degree of sus-
tainability in tourist facilities [69]. focuses on tourists, tourism business owners, and tourism services, with an emphasis on water
consumption and water quality. Walsh et al. (2014) distinguish domestic tourists, foreign tourists, and tourists in Galapagos, exam-
ining boat-based domestic tourists and tourists in Galapagos but excluding pollution-related variables [70]. assesses tourists’ coming
and leaving rates, omitting water or pollution considerations [102]. examine the number of tourists and tourist amenities, correlating
them with fish population, coral reef coverage, and pollution-related variables such as water quality, waste, waste treatment, waste
discharge rate of tourists, and fraction of waste polluting the environment [103]. explore tourism area, tourist attractions, tourists per
year, tourist revenues, and tourist investments, integrating canal waste treatment and environmental state, pollution, and waste
treatment [89]. consider the number of tourist subsystems, the number of domestic tourists, and the number of foreign tourists, linking
them to CO5 emissions from the ferry, CO, emission subsystems, total CO5 emission from mini tour buses, and total CO; emission from
private cars [67]. analyzes tourists’ flow, mass tourism, and tourism infrastructure without explicit water-related or pollution vari-
ables, though environmental degradation factors are included.

Table 5 highlights models where plastic waste is seldom represented in model variables [93]. focus on plastic waste in streams and
oceans, initial plastic waste in the ocean, and target plastic waste levels, while [130] address plastic bag usage bans, plastic waste, and
plastic waste piles at landfills.

Table 6, models frequently aim to identify feedback loops in various contexts [101]. examine the number of tourists, domestic
tourists, international tourists, and total attractiveness in connection with the attractiveness of wastewater disposal and wastewater
[100]. consider the number of tourists and tourism investments in relation to wastewater, pollution, and waste generation [127].
assess strong purist visitors, attractiveness of the site, moderate purist visitors, neutralist visitors, and non-purist visitors without
explicitly mentioning water or pollution variables [129]. explore the number of tourists, hotels and restaurants, tourism revenue,
attraction of CB islands, and tourism service, without incorporating water or pollution considerations [97]. investigates the number of
tourists and the attractiveness of Sicily, connecting them to the attractiveness of Sicily itself and pollution-related variables like solid
waste [128]. center on tourist destination development, sustainable, and spatial development without explicit water-related variables
[131]. examine the pressure of tourist gatherings, the stimulation of attractive elements, the environmental pressure of traveling, and
the psychological status of tourists, without explicitly considering water or pollution factors.

4. Discussion and summary

Research released the general situation regarding SD modelling of tourism-induced pollution and degradation of water resources
and aquatic ecosystems, which is illustrated by a general scheme (Fig. 3). The need to balance tourism development with environ-
mental protection was identified as the main drawing force while creating, disseminating, and using relevant knowledge as a relevant
approach for both research and practice. The ICT and modelling have been implemented in tourism research and practice with the aim
of achieving sustainability, responsibility, and competitiveness in water-related tourism destinations. Both economic and environ-
mental aspects and actions are described as well as both causal and intervening conditions.

Table 4
Models with No. of tourists.

Citation  Tourists related variables Water-related variables Pollution related variables
[121] Tourists, Tourists satisfaction, Tourists’ needs Not mentioned Not mentioned
[105] Use value for tourists, Number of tourists, Mussels Degree of sustainability in tourist facilities
Spending per tourist
[69] Tourists, Tourism Business Owners, Tourism Water Consumption, Water Not mentioned
Services Quality
[136] Domestic tourists, Foreign tourists, Tourists in Boat-based domestic tourists, Not mentioned
Galapagos Tourists in Galapagos
[70] Tourists coming rate, Tourists Tourists Leaving Not mentioned Not mentioned
rate
[102] Number of tourists, Tourist amenities Fish population, Coral reef Pollution, Water Quality, Waste, Waste treatment, waste
coverage discharge rate of tourists, fraction of waste polluting
environment
[103] Tourism Area, Tourist attraction, Tourists per Canal Waste Treatment Environmental State, Pollution, Waste Treat
year, Tourist Revenues, Tourists Investments
[89] The number of tourist subsystem, The number of The CO2 emission from the The CO2 emission subsystem, Total CO2 emission from mini
domestic tourists, The number of foreign tourists ferry tour bus, Total CO2 emission from private car
[67]1 Tourists Flow, Mass Tourism, Tourism Not mentioned Environment, Environmental degradation Factor

Infrastructure
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Table 5
Models with plastic waste.
Citation  Tourists related Water-related variables Pollution related variables
variables
[93] Not mentioned Plastic waste in streams, Plastic waste in the ocean, Initial plastic waste Waste generation, Waste generation rate, Plastic
in the ocean, Target plastic waste level in the ocean waste generation, Plastic waste littered
[130] Not mentioned Not mentioned Plastic Bag Usage Ban, Plastic Waste, Plastic Waste

Piles at Landfill, etc.

Table 6
Models aim to identify feedback loops.
Citation  Tourists related variables Water-related variables Pollution related variables
[101] Number of Tourists, Domestic Tourist, International Tourist, Total The attractiveness of Wastewater, Wastewater disposal
Attractiveness Wastewater Disposal
[100] Number of tourists, Tourism investment Wastewater Pollution and waste generation,
Solid waste Wastewater
[127] Strong Purist visitors, Attractiveness of the site, Moderate Purist visitors, Not mentioned Not mentioned
Neutralist visitors, Non-purist visitors
[129] Number of Tourists, Hotels & restaurants, Tourism revenue, Attraction of CB Not mentioned Not mentioned
islands, Tourism Service
[97] Number of Tourists, Attractiveness of Sicily Attractiveness of Sicily Solid waste, Pollution
[128] Tourist destination development Not mentioned Sustainable and spatial
development
[131] The pressure of tourist gatherings, Stimulation of attractive elements, Not mentioned Not mentioned

Environmental pressure of traveling, The psychological status of tourists

4.1. ICT and modelling in tourism research and practice

SD is an effective strategy for addressing environmental concerns related to tourism. SD emphasizes integrating economic, social,
and environmental elements for long-term sustainability; many studies have explored its application in studies related to water
pollution related to tourism. SD-based modeling has become an effective means of understanding the causes of waste generation in
tourism destinations. By identifying key contributing factors, including tourist activities, infrastructure development and management
practices, and waste disposal policies, these models can assist with developing strategies to minimize waste production and limit water
pollution [137].

Effective collection and analysis of data related to tourism-related pollution of water resources and aquatic ecosystems are integral
to informed decision-making. Tools and techniques, such as water quality monitoring systems and data analysis methods, can offer
invaluable insight into the sources and impacts of pollution; using this data, targeted interventions to mitigate it can then be developed
[138]. SD modeling can aid decision-making and policy development for solid waste and water quality management in environ-
mentally sensitive tourism destinations.

By simulating various scenarios, policymakers can analyze the potential impacts of tourism activities on water quality while
identifying effective measures to decrease pollution. SD modeling also assists resource allocation while encouraging sustainable
management practices [139]. Simulation scenarios are powerful tools for identifying and assessing solutions and measures related to
tourism’s impacts on water quality and management. By simulating various scenarios, policymakers can assess the efficacy of various
interventions as well as identify the most suitable strategies to counter water pollution; this enables informed decision-making and
proactive resource management [139].

Proactive planning and management require tools that allow us to predict future trends related to tourism’s contribution to water
pollution. By employing predictive models and forecasting techniques, policymakers can anticipate the potential impacts of tourism
growth on water resources, giving policymakers insight into adaptive mechanisms and strategies needed to minimize water pollution
while supporting sustainable tourism practices [78].

4.2. Tourism sustainability, responsibility, and competitiveness

Knowledge-based decision-making is essential to optimizing tourism’s environmental impacts. Research shows that residents’
support for tourism development depends heavily on their perceptions and concerns regarding its impacts [140]. Policymakers can
then make more informed decisions that minimize negative environmental effects while simultaneously maximizing benefits [141].
Reliable data is essential to effective decision-making in tourism-related environmental studies. Studies have emphasized the signif-
icance of collecting and analyzing tourism-related pollution of water resources and aquatic ecosystems, offering insights into the
sources and impacts of pollution that enable policymakers to formulate targeted strategies for water quality management [142].

Optimizing destination resource allocation is critical to sustainable tourism development. Utilizing technology and data for
resource optimization is an integral component of smart destinations, contributing to reduced environmental impacts of tourism [143]
while simultaneously mitigating waste generation and water pollution [144]. Tourism requires quick and flexible responses to
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Fig. 3. General scheme describing the situation regarding SD modelling of tourism-induced pollution and degradation of water resources and
aquatic eco-systems.

environmental challenges. Being responsive and adaptable to changing environmental conditions is key to mitigating tourism’s
negative impacts on water resources, according to studies [145]. By taking timely steps, destinations can prevent and mitigate water
pollution issues.

New visitor management options may also help minimize water pollution. Studies have investigated innovative strategies, like
community-based tourism and cultural tourism, that engage visitors while simultaneously encouraging sustainable practices [146].
Engaging visitors in environmental conservation efforts allows destinations to reduce the negative impact on water resources. An
approach that improves water-related ecosystems as complex systems with nonlinear behaviors is vital for understanding and con-
trolling pollution in tourism destinations. Studies have highlighted the need for comprehensive environmental impact assessments that
consider ecological, social, and economic considerations [147]. By adopting such a holistic strategy, policymakers can devise solutions
that address complex interactions and feedback mechanisms related to pollution issues in tourism destinations.

4.3. Economic aspects/actions

Studies have clearly illustrated the negative consequences of natural resource degradation on the economic competitiveness and
attractiveness of the tourism industry growth [148]. Degradation can negatively impact tourism industry growth as well as overall
attractiveness [149]. Water pollution may result in declining quality that deters tourists and ultimately impacts economic viability.
Water tourism plays an essential role in creating income and employment. Studies have highlighted its significant economic contri-
butions, particularly at coastal and island destinations [150]. Accessible resources and the attractiveness of destinations that feature
water are major influences that drive demand and produce economic benefits for communities [99].

The water-related ecosystem is an integral element of tourism services and destinations that rely heavily on aquatic environments,
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with quality and availability directly impacting tourist experiences and satisfaction levels [151]. Studies have highlighted the sig-
nificance of maintaining clean and abundant water sources to maintain sustainability and competitiveness for tourism destinations
dependent on aquatic features [152]. An integrated systems approach to assessing the socio-economic effects of water tourism can
provide invaluable information for destination management. By considering the complex and dynamic nature of these destinations,
such an assessment provides a thorough understanding of their interdependencies and feedback mechanisms, which in turn affect
tourism’s socio-economic impacts [153]. Furthermore, such an approach provides crucial support in decision-making and
policy-creation processes to ensure sustainable management [154].

4.4. Environmental aspects/actions

Tourism-induced alteration of habitats found in water-related ecosystems is a pressing environmental concern. Tourism activities
expanding into coastal areas, wetlands, coral reefs, and other sensitive ecosystems may lead to habitat degradation and loss [155].
Studies have revealed how infrastructure development, pollution from tourism activities, and physical disturbances due to tourism
activities can have adverse impacts on these habitats, altering biodiversity and biocomplexity [155]. Tourism’s impacts on water
resources and aquatic ecosystems have long been documented, from solid waste generation and trash accumulation to degraded water
quality [156]. Studies have highlighted the significance of effective waste management practices to mitigate any negative conse-
quences tourism activities may have on these environments [157].

Changes to water chemistry caused by tourism can also have serious repercussions, with the discharge of untreated wastewater, the
use of chemicals in tourism-related activities, and the introduction of invasive species all having detrimental impacts on aquatic
ecosystems [158]. Tourism-induced threats to biodiversity and biocomplexity in water-related ecosystems are becoming an increasing
source of concern. Human presence, habitat alteration, and pollution associated with tourism activities may disrupt ecosystems and
threaten species’ survival [155]. Studies have noted the need for conservation efforts and sustainable management practices that
preserve this vital natural resource [159].

Ecological security is of critical importance in tourism destinations for their long-term viability and the sustainability of eco-
socioeconomic systems. It encompasses protecting natural resources such as water bodies for long-term tourism activities [73].
Studies have highlighted the significance of including ecological security principles in tourism policies and management strategies to
foster sustainable development [160]. Water and waste management are essential elements of the sustainability of tourism destina-
tions. Effective water management practices include conservation, wastewater treatment, and sustainable use of resources [161]. At
the same time, proper waste management must also take place to prevent pollution of these waters [157].

4.5. Causal conditions

Tourism is an influential source of water pollution and resource degradation [162]. Tourism activity in destinations has increased
the production of waste such as sewage, solid waste, and chemical pollutants [156], which in turn have adverse impacts on water
quality, ecosystems, and biodiversity [163], as well as on coastal regions particularly susceptible to impacts of pollution [164]. One of
the greatest challenges associated with water pollution is access to accurate data [163]. Accurate data about its sources and impacts is
essential for effective management and mitigation strategies, yet data collection efforts often fall short, especially in developing na-
tions [164]. Without sufficient information available to assess its scope and devise targeted interventions,

Studies conducted previously have highlighted the detrimental environmental impacts of tourism on water resources. One such
research effort in China revealed that tourism activities led to an increase in water pollution at West Lake Basin due to an increase in
tourist numbers and economic income associated with tourism [162]. A further investigation in Romania demonstrated a direct and
significant relationship between tourist activities and environmental degradation and their subsequent degradation, emphasizing the
necessity of sustainable tourism practices [165].

Asserting measures against pollution and degradation of water resources at tourism destinations requires taking an integrated
approach. Environmental conservation and sustainable management practices should be prioritized [166]. This should include
implementing efficient waste management systems, encouraging responsible tourism practices, and raising awareness among tourists
and local communities regarding water resource conservation [165]. Furthermore, policymakers should enact policies and regulations
that incentivize sustainable tourism practices while discouraging harmful activities [167].

4.6. Intervening conditions

Environmental education and awareness play an essential role in fostering sustainable practices and mitigating the negative im-
pacts of tourism on water-related ecosystems. Previous studies have illustrated its importance for changing tourists’ behaviors and
inculcating responsible environmental practices [168], with situational environmental education having positive influences on
behavioral intentions as well as responsible environmental behavior [169]. Therefore, including environmental education initiatives
in water tourism practices could significantly contribute to raising awareness while encouraging sustainable tourism practices.

Environmental investments are essential in mitigating the negative environmental impacts associated with tourism pollution.
Research has indicated that destination environmental attributes play an important role in shaping perceptions [170]. Environmental
protection investments can enhance a destination’s image and draw in tourists who prioritize sustainability. Studies have also
highlighted the necessity for sustainable tourism development in small island developing states (SIDS) [171,172]. SIDS face unique
challenges due to their vulnerability to climate change and limited resources [173]. Therefore, investments in environmental
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protection for SIDS are imperative for maintaining their unique ecosystems while guaranteeing tourism’s long-term sustainability.

Strategic planning plays a critical role in controlling the intensification of tourism-induced water pollution, helping anticipate and
address its potential negative effects on water resources. Unfortunately, however, research on the use of strategic planning in tourism
pollution remains limited compared to its application in other fields. One of the few studies that have been on pro-environmental
behavior often uses quantitative approaches such as structural equations or regression analysis [174], suggesting more comprehen-
sive investigations on its application in managing intensified tourism-induced water pollution.

The use of systematic literature review in the tourism and hospitality field is gaining momentum as seen in studies such as [175]
where the authors carried out a systemic review of systemic reviews in tourism. They found that multiple systematic reviews did not
clearly explain their data-gathering process, which caused a lack of clarity in the data collection and study results. They suggested that
future systematic reviews might be based on more reliable and transparent standards, which are essential to reducing implicit bias and
researchers’ prejudice, which was taken into consideration in thisstudy. Other tourism areas that this methodology has been used
include augmented and virtual reality [176], disaster and climate change [177,178], ICT in sustainable tourism [179], and water
quality indices [180].

5. Conclusions

A review of SD in tourism has already been presented by Ref. [66] that demonstrated the effectiveness of system dynamics models
for planning and making decisions in the tourism industry, identifying externalities driven by tourism, and forecasting both its positive
and negative effects. Based on their study, system dynamic models in tourism-generated water pollution studies has been reviewed.
The focus on SD is because when studying an ecosystem, it is important to analyze non-linear interactions and processes on a large scale
and with their long-term impacts. These processes can be well captured by SD models which provide a new perspective. Although it is
obvious that tourism contributes significantly to the plastic pollution of (not only water) ecosystems, it still has not been explored
deeply using SD models. System dynamics models are either focused on pollution of the environment or tourism itself, but rarely both.
Here a research gap of less deeply and systematically studied pollution processes has been identified, as such this study used a met-
amodel of plastic pollution in the water ecosystem caused by tourism activities using 68 related articles to proffer answers to all the
research questions.

The result of thereview indicates that carrying capacity and sustainable tourism are major topics of discussion in the papers.
Typically, authors examined the effects of various political actions on the state of the environment and the demand for ecotourism. Air
and water pollution are significant side effects in a number of models that are centered on transportation or traffic simulations. A small
number of publications described waste generation as a whole, including plastic pollution of water as it relates to tourism. The majority
of studies discussed ocean and sea pollution in relation to aquatic ecology. Rivers, canals, groundwater, household wastewater, and
brackish water are other topics. The research under consideration spans a variety of periods, including 1-time unit, 6 months, and 5
years. Analysis of the state of the environment and ecosystem in relation to sustainable tourism, forecasting, decision planning and
support, better destination management, education, and simulation of long-term periods in relation to process are some of the ob-
jectives of the models. Furthermore, China and Taiwan locations are the geographical locations that were mostly analyzed, followed by
Indonesia, and Vensim, Stella, and Powersim are the most popular modelling platform used. Three variables were identified as the
focus of the studies’ model: the number of tourists/visitors, plastic waste, and identified feedback loops.

The contribution of the study is in three folds. Firstly, the importance of ICT in tourism research modelling has been identified,
particularly, system dynamics, which is a tool for the effective collection and analysis of data associated with tourism-related pollution
of water resources and aquatic ecosystems. This will support decision decision-making and policy development for solid waste and
water quality management in environmentally sensitive tourism destinations, simulation scenarios as a tool for identifying and
evaluating solutions and measures related to tourism impacts on water quality and water management. Secondly, the study’s findings
emphasize the importance of knowledge-based decision-making to optimize the environmental impact of tourism in increasing the
destination’s ability to optimally allocate resources and ensure flexible and quick responses to environmental challenges to achieve
tourism sustainability and competitiveness. Lastly, environmental education and awareness in water-related destinations as well as
investments in environmental protection in water-related destinations are identified as conditions that can intervene in tourism water-
related pollution. Findings of this study will support future study directions by assisting scholars and decision-makers in understanding
trends and developments in the water pollution impact of the tourism industry.

It is recommended that future studies should accommodate other methodologies to further understand the impact of tourism on the
water ecosystem. Other analytical methods such as the Theory-Context-Characteristics-Methods (TCCM) create room for exploring the
uncovered or less attended areas and develop theoretical models from the perspective of less explored countries to be able to generalize
the research in the subject domain. Future research can take into account the interaction of social and cultural aspects because it is still
challenging to fully understand the natural ecosystem, human adaptability, and the impact of their connection with nature. Further
exploration and refinement of system dynamics models can provide a better understanding of the complex dynamics of pollution in
water ecosystems resulting from tourism activities. These models can be enhanced by incorporating variables such as waste man-
agement practices, tourism growth patterns, and the influence of socioeconomic factors. Finally, establishing long-term monitoring
programs to assess the effectiveness of pollution mitigation measures and policies, while continuously evaluating the state of water
ecosystems in tourism destinations, can inform adaptive management strategies and ensure the long-term sustainability of these
environments. By addressing these research directions, the understanding of tourism-related pollution can be advanced, effective
mitigation strategies, and promote sustainable practices in the tourism industry to protect and preserve water ecosystems.
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5.1. Limitation and future research direction

Though this study provides invaluable insight into tourism-induced water pollution, several limitations should be kept in mind.
First, its focus on system dynamics modeling may exclude other relevant approaches like agent-based or mathematical modelling that
could shed additional light on this complex issue. Future research should compare and contrast various modeling techniques to gain a
fuller understanding of this complex topic. Second, restricting itself solely to English-language publications may create a language bias
and miss important insights from non-English literature. Tourism being an international phenomenon, research from diverse linguistic
backgrounds may enrich the understanding of diverse cultural and environmental contexts; future studies could utilize multilingual
research teams or translation services to fill this linguistic void.

One limitation lies in the publication date range, primarily covering papers published from 2000 to 2022. While this timeframe
captures recent developments, it may miss historical research that could offer context and long-term trends related to tourism-induced
water pollution. Future studies should conduct retrospective analyses in order to incorporate previous studies. Plastic pollution may
overshadow other pollutants such as chemical contaminants, nutrient runoff, and sedimentation that also have negative impacts on
aquatic ecosystems. Future studies must aim for a more comprehensive examination of all the pollutants associated with tourism
activities.

To overcome these limitations and increase knowledge of tourism-induced water pollution, future research avenues should be
explored. Adopting an interdisciplinary approach that incorporates various modeling techniques—system dynamics, agent-based
modeling, and mathematical modeling—may give researchers a more in-depth view of its complexity. Using different modeling ap-
proaches allows researchers to capture different aspects of an issue, which enables more robust policy recommendations. Beyond
pollution and system dynamics, several promising avenues should be investigated. An essential direction would be examining how
climate change contributes to tourism-induced water pollution.

Climate change impacts, such as altered precipitation patterns, rising temperatures, and sea-level rise, can exacerbate pollution
dynamics in tourist destinations. Future research should investigate the interactions between climate change and tourism activities,
specifically how changing weather conditions and extreme events could contribute to increased pollution incidents that negatively
affect water ecosystems. By including spatial perspectives in future research, incorporating a spatial dimension may also deepen
understanding of tourism-induced water pollution. Geospatial analysis and Geographic Information Systems (GIS) can be invaluable
tools for mapping pollution hotspots, identifying vulnerable areas, and assessing tourism-related impacts on a geographical scale. By
adopting this spatial perspective, researchers can offer targeted recommendations for managing pollution at particular destinations.
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Appendix

Table 7

Papers included in review

Heliyon 10 (2024) e23824

No.  Citation Source Location Domain SD artefacts Platform Scenarios
1 [80] journal Amtoudi Oasis Sustainable tourism CLD Unspecified Yes
2 [78]1 journal Taleqan County Sustainable tourism SFD MapSys Yes
3 [101] conference  Chiang Mai city Decision making CLD, SFD Vensim No
4 [84] journal Nani Wartabone Bogani National Park Destination CLD, SFD Powersim Yes
management
5 [104] journal Without location Seaside tourism CLD, SFD Unspecified No
6 [106] journal Kenting coastal zone Seaside tourism CLD, SFD Stella Yes
7 [107] journal Jiading Wetland Wetland management CLD, SFD Vensim, Stella Yes
8 [108] journal Mentougou district, Beijing Destination SFD Vensim No
management
9 [83] journal Chiku coastal zone Seaside tourism CLD Stella Yes
10 [93] journal Global ocean Waste management SFD Powersim Yes
11 [130] conference  Indonesia Waste management CLD Vensim No
12 [109] journal Qeensland Renewable energy SFD Vensim Yes
13 [96] journal Balearic Islands Waste management SFD Vensim Yes
14 [82] journal Canary Islands Waste management SFD Vensim Yes
15 [110] journal Maledives Destination SFD Vensim Yes
management
16 [100] conference  Tunisia Tourism CLD Vensim No
17 [127] journal General model, no location Destination CLD Unspecified No
management
18 [111] journal European market Sustainability CLD, SFD Vensim Yes
19 [112] journal Taiwan Agritourism CLD, SFD Vensim Yes
20 [67] journal Not specified Agritourism CLD, SFD Powersim No
21 [86] conference  Xidi and Hongcun World Heritage Villages ~ Destination CLD, SFD Vensim Yes
in southern Anhui province management
22 [94] journal Maledives Waste management SFD Vensim Yes
23 [90] journal Barents Sea and Northern Norwegian Sea  Negative impacts CLD, SFD Stella Yes
region
24 [113] journal Sepetiba Bay Watershed Environmental SFD Stella Yes
Management
25 [75] conference Cijin Sustainable tourism CLD, SFD Stella Yes
26 [114] journal Xidi and Hongcun villages Destination CLD, SFD Vensim Yes
management
27 [88] journal Beijing Sustainable tourism CLD, SFD Vensim No
28 [73] journal Dalian Tourism in general CLD, SFD Vensim Yes
29 [871 journal Not specified Low carbon policy CLD, SFD Vensim No
30 [79]1 journal Xingwen UNESCO Global Geopark Sustainable tourism CLD Simulink Yes
31 [98] journal Cat Ba Island Sustainable tourism CLD, SFD Vensim, Stella Yes
32 [95] journal Sagarmatha National Park and Buffer Waste management CLD Unspecified Yes
Zone
33 [91] journal Sao Miguel Low carbon policy CLD Vensim Yes
34 [115] conference  Not specified Decision making CLD, SFD Powersim, No
Vensim
35 [126] journal Bali Sustainable tourism CLD, SFD Powersim Yes
36 [70]1 conference  Cape Town Tourism in general SFD Stella No
37 [99] journal Hai Phong City Sustainable tourism CLD, Vensim No
archetypes
38 [71]1 journal Surkarata City, Java Tourism in general CLD Powersim Yes
39 [102] journal Pieh marine park Sustainability CLD, SFD Vensim No
40 [129] journal Cat Ba Island Negative impacts CLD, Vensim No
archetypes
41 [116] journal Bangkok Flooding impacts CLD, SFD Vensim Yes
42 [92] journal Galapagos Islands tourism management SFD Unspecified Yes
43 [97] journal Sicily Destination CLD Powersim No
management
44 [69] conference  Gucheng District of the City of Lijiang Sustainable tourism SFD Stella Yes
45 [117] journal Worldwide ocean Accumlation of plastics SFD Venim Yes
46 [128] journal Slovenia Destination CLD Unspecified No
management
47 [119] journal Galapégos Islands Island tourism SFD Vensim Yes
48 [118] journal Stingray City Sandbar’ SCS, Cayman Destination CLD, SFD Stella Yes
Islands management
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No.  Citation Source Location Domain SD artefacts Platform Scenarios

49 [103] conference Amsterdam Sustainable Tourism CLD, SFD Vensim, Stella Yes

50 [120] journal Long Island Marine Stone Forest Park Seaside tourism CLD Unspecified No

51 [77] journal Rawa Danau forest, Indonesia Destination CLD, SFD Unspecified Yes
management

52 [121] conference Sicily Destination CLD, SFD Powersim Yes
management

53 [89] journal Karimunjawa National Park, Central Java  Sustainability CLD, SFD Vensim, Yes

Powersim

54 [74] journal Cijin, Kaohsiung Sustainable tourism CLD, SFD Stella Yes

55 [76] journal Ethiopia Destination CLD, SFD Vensim No
management

56 [122] journal Not specified Agriculture SFD Vensim Yes

57 [68] journal Hinagdanan Cave Sustainable tourism CLD Unspecified Yes

58 [105] journal Dutch Wadden Sea region Integrated coastal CLD, SFD Vensim No
management

59 Walsh and journal Iconic national parks (in general Negative impacts SFD Unspecified No

Mena (2014)

60 [123] journal Tabanan Regency, Bali Province Sustainable tourism SFD Powersim Yes

61 [124] journal Shanghain Waste manahement CLD, SFD Vensim Yes

62 [81] journal South European island tourist economies Sustainable tourism CLD, SFD Vensim Yes

63 [125] journal Lanzhou City Urban tourism SFD Vensim Yes

64 [131] journal General model, no location Planning CLD Vensim No

65 [72] journal Shinduri coastal sand dune Seaside tourism SFD Stella Yes

66 [85] journal Tibet Sustainable tourism CLD, SFD Vensim Yes
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