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The political, economic, social, technological, environmental, and legal (PESTEL) dimensions in a local community shape the adoption of specific nature-based solutions (NbS). This study provides crucial insights on NbS tailored to smallholder indigenous and peasant communities heavily reliant on water ecosystem services from headwater streams, lakes, ponds, and reservoirs in the páramo ecosystems of the central Ecuadorian Andes. Combining a multi-stakeholder workshop with bibliometric analysis, we developed a framework that integrates NbS with local communities’ PESTEL dimensions to sustain water ecosystem services. As a result, the lack of political will to sustain healthy aquatic ecosystems, urban-centered environmental investment, and agricultural expansion mainly influence the sustainability of water ecosystem services in the political, economic and environmental dimensions. Social, legal, and technological dimensions encompass community dissatisfaction, resistance to conservation, neglect of clean water and land use regulations, and limited innovation investment. Artificial floating islands and passive river restoration were the NbS adaptable to these PESTEL dimensions in our local communities. Artificial floating islands, a macrophyte-based technology that integrates community plant knowledge, are feasible even with limited financial resources. Passive river restoration complements them to promote headwater vegetation recovery and governance of water ecosystem services. Their integration supports drinking water supply, irrigation, fisheries, water purification, habitat conservation, soil formation carbon sequestration, and the achievement of several Sustainable Development Goals (SDGs). We provide decision-makers with a rigorous assessment of NbS for local communities, with the potential to scale to countries with similar contexts and highlight the need for future research to explore NbS in regional or national frameworks.
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1 Introduction

Relying on nature to improve human well-being and the environment is a shared goal of ecosystem services and nature-based solutions (Grizzetti et al., 2016; Jarosiewicz et al., 2022). Thus, ecosystem services are crucial for delivering social, ecological, and economic benefits to humanity. Moreover, nature-based solutions (NbS) maintain these benefits by conserving or restoring terrestrial and aquatic ecosystems (Blahna et al., 2017; Keesstra et al., 2018; Oral et al., 2020). In aquatic ecosystems, including rivers, lakes, ponds, and reservoirs and their diverse habitats, like riparian zones (Grizzetti et al., 2016; Culhane et al., 2019), NbS are crucial for sustaining several water ecosystem services. These include maintaining water quality and quantity, supporting nutrient cycling, maintaining populations and habitats, and promoting recreational and cultural services (Jarosiewicz et al., 2022; Possantti and Marques, 2022; Souliotis and Voulvoulis, 2022).

In developing countries, where ecological degradation of aquatic ecosystems is widespread, and local communities rely heavily on water ecosystem services for survival and livelihoods, NbS are crucial for achieving sustainability (Kenter et al., 2011; Telwala, 2023; UNCTAD, 2022). Cost-effective alternatives (Colares et al., 2020), promoting efficient and sustainable use of water resources (Souliotis and Voulvoulis, 2022), stakeholder engagement (Pagano et al., 2019), incorporation of community knowledge (Baustian et al., 2020), developing a healthier relationship between humans and the nonhuman world (Hoffman, 2023), improving the delivery of a range of ecosystem services (Liquete et al., 2016), and contribution to achieving multiple Sustainable Development Goals (SDGs) (Sowińska-Świerkosz and García, 2022) are some of the benefits highlighted by NbS.

Artificial floating islands (AFIs), one of the latest phytotechnology innovations in the remediation of degraded water bodies, stand out among NbS due to their low operational costs and maintenance, lack of land requirements, and ease of implementation (Afzal et al., 2019; Fonseca et al., 2021). The low operating cost of AFIs is due to the high removal efficiency, mainly dependent on macrophytes, supported by inexpensive flotation materials (Souliotis and Voulvoulis, 2022; Cui et al., 2022; Samal, 2019; Yeh et al., 2015). The main component of AFIs is macrophytes with their associated microbial communities of biofilms and zooplankton, which play a dual role in directly assimilating pollutants into their tissues and acting as catalysts for purification reactions (Cui et al., 2022; Benvenuti et al., 2018). Moreover, passive ecological restoration, also known as passive river restoration, is especially suitable for headwater streams where water quality conditions are restored by eliminating disturbance factors and allowing for natural vegetation recovery (Muller et al., 2016; Taniwaki et al., 2019; Trujillo-Miranda et al., 2018).

To maximize their potential in local communities’ aquatic ecosystems, AFIs and passive river restoration should be tailored to the broader macro-environment in which they operate. This macro-environment includes political, economic, social, technological, environmental, and legal factors, commonly known as PESTEL (Den Heijer and Coppens, 2023; Kansongue et al., 2023). However, the impact of PESTEL factors on water ecosystem services initiatives remains largely unknown.

Due to these complex adaptive dynamics of those NbS, PESTEL analysis has become a crucial tool for decision-makers to identify factors influencing their performance in improving environmental conditions and to guide adaptive responses (Den Heijer and Coppens, 2023). Similarly, the involvement of local communities is a vital aspect of NbS inclusion, as the degradation of aquatic ecosystems is not only critical on a global scale but also profoundly impacts locally (Baustian et al., 2020; Carroll et al., 2019; Giordano et al., 2020). Local communities, deeply rooted in agriculture and ancestral traditions (Conable, 2015), stand out as primary stakeholders in NbS design due to their experience gained through their long interaction with the environment and heavy reliance on ecosystem services (Balzan et al., 2022; Gbedemah, 2023).

Involving local communities and other key stakeholders, from problem identification to decision-making, contributes to more scientifically legitimate and publicly accountable decisions (Corburn, 2007; Khatibi et al., 2021). Therefore, community knowledge is growing in significance as it extends beyond individual ideas, is accessible to multi-stakeholders and the public, and offers opportunities for networked participation (Corburn, 2007; Hong and Scardamalia, 2014). Also, positive changes in resource management are more likely to be initiated when the attitudes, beliefs, or preferences of multi-stakeholders are considered in problem identification and the development of solutions (Lynam et al., 2007). Furthermore, for a practical application, Corburn (2007) recommends critical and sustained analysis of community knowledge. Thus, incorporating policy documents, grey literature, academic articles, and fieldwork strengthens community knowledge integration in research (Bisaga et al., 2021; Skrydstrup et al., 2020).

In developing countries, ensuring the health of aquatic ecosystems to sustain their services is a critical challenge; however, it also offers an opportunity for community collaboration, fostering community learning and innovation (Carroll et al., 2019; Vollmer et al., 2022). In this context, we developed a framework that integrates artificial floating islands and passive river restoration aligned with the PESTEL dimensions of local communities to sustain water ecosystem services in the central Ecuadorian Andes. Combining a multi-stakeholder workshop with a bibliometric analysis, we answered our research questions: (i) How do PESTEL dimensions of local communities influence the water ecosystem services’ sustainability? (ii) How does integrating artificial floating islands with passive river restoration within the PESTEL dimensions of local communities contribute to the sustainability of water ecosystem services? In this study, we selected several Andean communities in Ecuador to illustrate the importance of healthy aquatic ecosystems in sustaining the water ecosystem services providing livelihoods for millions of people (Mosquera et al., 2023; Thompson et al., 2021).



2 Materials and methods


2.1 Study area

The study focused on local communities situated in the provinces of Pichincha, Cotopaxi, Bolivar and Chimborazo, encompassing 26,424 km2 in the central Andean region of Ecuador (Figure 1). In these provinces, three major river basins (Guayas, Esmeraldas, and Pastaza) emerge, housing 68% of the Ecuadorian Andean population (INEC, 2022).
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FIGURE 1
 Map depicting the central Ecuadorian Andes, which is home to the local communities.


Agriculture, tourism, and mining are essential pillars of the economy of these provinces, collectively contributing 32% to Ecuador’s gross domestic product (BCE, 2021). Despite this, the population grapples with significant levels of extreme poverty, with Chimborazo at 38.9%, Bolívar at 34.1%, and Cotopaxi at 26.3% (InfoMIES, 2022), rendering them particularly vulnerable. In addition, Chimborazo, Bolívar and Cotopaxi rank as Ecuador’s top provinces for chronic malnutrition in children under five, with rates of 35.2, 35.1, and 31.8%, respectively (INEC, 2019).


2.1.1 Water ecosystem services delivered to our local communities

High-elevation tropical ecosystems, known as páramo ecosystems, are home to local communities in our study area (Figure 1). Local communities, including smallholder indigenous and peasant communities, in Ecuador’s páramo ecosystems are authorised by articles 32, 45 and 73 of the Ecuadorian water law (Asamblea Nacional, 2014) to establish drinking water and irrigation boards and participate in the use and the community management of the water resources that flow through their territory.

The páramos encompass crucial aquatic ecosystems, i.e., the headwaters of many Andean river basins, along with lakes, ponds and reservoirs, which serve as primary drinking and irrigation water sources for the local communities (Mosquera et al., 2023; SENAGUA, 2021). Despite the benefits that urban and rural areas in Pichincha, Cotopaxi, Bolívar., and Chimborazo gain from the páramo ecosystems (SENAGUA, 2021; Hofstede et al., 2014), several studies indicate that their degradation threatens their sustainability (Mosquera et al., 2023; Thompson et al., 2021; García et al., 2019; Vinueza et al., 2021; Zapata et al., 2021). Hence, the provision of water ecosystem services, like drinking water, irrigation water, fisheries, and aquaculture, is directly compromised. Indirectly, the regulation and maintenance of further ecosystem services, including water purification, habitat and population maintenance, soil formation and composition, and carbon sequestration, are also affected. Moreover, there is a significant cultural impact concerning the indigenous cosmovision, where aquatic ecosystems hold a vital place in Mother Earth “Pachamama” alongside people, animals, ancestors, and land to achieve a holistic and well-balanced way of living, known in the indigenous language as “Sumak kawsay” (Kleemann et al., 2022; Salmoral et al., 2018).




2.2 Multi-stakeholder participation

Representatives of local communities, alongside decentralized autonomous governments at provincial, municipal, and parish levels in each province, were the primary stakeholders in building community knowledge. Additionally, participants from a non-governmental organization (NGO) CARE (Cooperative for Assistance and Relief Everywhere), the Environmental Fund for Water Protection of Quito (FONAG), professors and researchers from the Technical University of Cotopaxi and the Justus Liebig University Giessen, were involved.

The selection of participation sectors was guided by Ecuadorian water law (Asamblea Nacional, 2014), which emphasizes collective responsibility for sustainable water resource management shared among the national government, various governmental levels, and local communities, as outlined in articles 12 and 19. Furthermore, universities were invited to participate according to this law (Asamblea Nacional, 2014).



2.3 Developing a framework for NbS adaptation

We applied Albert et al. (2021) six-step NbS adaptation, divided into two stages. In the first stage, a participatory workshop was conducted to (1) co-defining the setting, which involved the workshop kick-off and clarifying the context, overarching societal challenges, aims, and processes, and (2) assessing challenges through multidimensional assessment, choosing the PESTEL dimension for our study (Den Heijer and Coppens, 2023; Kansongue et al., 2023). Subsequently, through bibliometric analysis of scientific data, we (3) identified that AFIs and passive river restoration have the potential to sustain water ecosystem services in our local communities. Hence, those NbS were (4) aligned with most of their PESTEL dimensions and related to several SDGs. Additionally, we (5) identified opportunities and obstacles and suggested future research directions for their implementation. The first NbS actions, outlined by Albert et al. (2021) as a six-step, do not align with the scope of this study.


2.3.1 Local communities’ PESTEL dimensions captured by the workshop

In the first stage, multi-stakeholders were engaged in a workshop to analyse the multidimensional challenges in their local communities influencing the sustainability of water ecosystem services. Four participant groups were established based on their respective provinces to answer the research question: (i) How do PESTEL dimensions of local communities influence the water ecosystem services’ sustainability? Subsequently, the information from these groups was consolidated and combined with studies from other developing countries to extend its applicability to countries experiencing similar contexts. A total of 39 participants attended the workshop held on 29 and 30 November 2022 in Latacunga, Ecuador.



2.3.2 Exploring and analysing scientific data for NbS adaptation

We began by selecting the Web of Science platform for scientific literature and bibliometric analysis because of its access to high-quality research published in scientific journals and alignment with bibliometric analysis tools. In the scientific literature search, we combined artificial floating islands and passive river restoration with aquatic ecosystems and water ecosystem services specific to our local communities using the following keywords: “artificial floating islands” “constructed wetlands,” “passive river restoration,” “passive ecological restoration” with “páramo,” “headwater stream,” “lake,” “pond,” and “reservoir” as well as “drinking water,” “irrigation water,” “fisheries,” “aquaculture,” “water purification,” “habitat and population maintenance,” “soil formation and composition,” “carbon sequestration,” “climate regulation,” “cultural impact” and “SDGs,” respectively. After identifying relevant studies, we conducted an abstract screening to select studies aligned with PESTEL dimensions of local communities. The literature screening concluded once no new information was obtained. In total, data was extracted from 62 peer-reviewed articles, academic books, and book chapters published between 1991 and 2023.

Subsequently, we utilized the VOSviewer software to create network view maps of the collected scientific knowledge based on Colares et al. (2020) and Donthu et al. (2021). Following data cleaning, the extracted terms were visualized as network view maps, showcasing clusters, core terms (large circles), and items (small circles). These clusters encompassed main core terms and items, with connections denoting links between them, and distances reflect the strength of relationships. The network view maps of artificial floating islands and passive river restoration were created using terms extracted from text data, including titles and abstracts. These maps allowed analysis from cluster and term perspectives (Colares et al., 2020) to explore the existing or future relationships among topics in a research field (Emich et al., 2020).





3 Results and discussion

This section presents the PESTEL dimensions influencing the sustainability of water ecosystem services in the local communities, identified by a multi-stakeholder workshop (Figure 2), along with NbS adapted to these dimensions through a bibliometric analysis. Combining these results with discussion extends the applicability to countries facing similar contexts.
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FIGURE 2
 NbS to sustain water ecosystem services embedded in the local communities’ PESTEL dimensions.



3.1 The PESTEL dimensions in the water ecosystem services’ sustainability


3.1.1 Political (P) dimension

Workshop participants reported that the main challenge faced by local communities is the lack of political will to support strategies that sustain healthy aquatic ecosystems (P1), a frequent obstacle in water resources management in several developing countries. Warner et al. (2014) partly attributed these political challenges in developing countries to the complexity of managing aquatic ecosystems and conflicting interests. For example, in recent decades, the river basin scale has been deemed the “natural” scale for water planning and management (Molle, 2008), but it is not a priority in countries like Ecuador. In contrast, politicians often use more relevant issues, such as land tenure conflicts, as a political platform to gain political support, as reported by Coral et al. (2021) in their study on lessons from Ecuador’s history.

The undervaluation of water ecosystem services due to political priorities in developing countries hinders the implementation of sustainable practices in key sectors, like agriculture, that impact the sustainability of water ecosystem services (Salmoral et al., 2018; Nahuelhual et al., 2018). Similarly, the limited local community participation in ecosystem management (P3) exacerbates these challenges from a multi-stakeholder perspective. Inadequacies of poor communities’ political socioeconomic infrastructure and knowledge base and distrust are the main issues for the governance of sustained participation. Deficiencies in the socio-political infrastructure of local communities and mistrust in these systems are the main problems, as per Khatibi et al. (2021), for sustained participation in governance. Carroll et al. (2019) observed that lack of community engagement can increase the risks of water catastrophes. These findings align with our local communities, where unsustainable management in agriculture, livestock grazing, and urban growth contribute to the degradation of aquatic ecosystems (Castelo-Cabay et al., 2022; Hofstede et al., 2023).

Concerning policies aimed at sustaining water ecosystem services in our local communities, a lack of long-term strategies is common (P2). Research by Wiegant (2022) and Wiegant et al. (2020) on strategies related to water ecosystem services in Ecuador shows that short-term election cycles and the desire to meet political interests at the governance scale conflict with long-term restoration timelines.



3.1.2 Economic (Ec) dimension

The limited governmental financial support (Ec1), as recognized by participants in the workshop and noted by Saud et al. (2019), is usual in most countries’ economies because environmental protection strategies are not a priority and are often neglected in government expenditure. This situation is particularly acute in developing countries, where economic and financial crises frequently result in significant cuts to public spending on the environment (Coral et al., 2021; Sarkar et al., 2007). In addition, international and private funding is insufficient to protect and restore water-related ecosystems (Wiegant et al., 2020; UNEP, 2023). While developing countries urgently need increased efforts to address the escalating crisis of freshwater resource scarcity, current initiatives and research predominantly concentrate on developed nations (Chen et al., 2019; UN-Water, 2016).

Furthermore, workshop participants considered that the focus on environmental investment in large urban centers (Ec2) impacts local communities. Policies at the national government level in environmental protection, as described by Chen et al. (2019), frequently overlook the surrounding areas of large cities. For instance, in Quito, the capital of Ecuador, around 98% of the population has access to safe drinking water, in contrast to rural areas where access is only 54% (Vinueza et al., 2021; EPMAPS, 2021). Similarly, strategies for agricultural water management are absent in many developing nations across Eastern Europe, South Asia, and South America (Chen et al., 2019).

Meanwhile, investment in environmental protection and green innovation encounters the absence of investment returns (Ec3) in our local communities. The unavailability of immediate revenue streams to offset considerable up-front costs, the lack of public accounting practices to assess the economic value of water ecosystem services (Den Heijer and Coppens, 2023) and the extended waiting period (five to 10 years or more) before reaping the benefits (Hudson et al., 2023), hinder environmental investment.



3.1.3 Social (S) dimension

Participants acknowledged that local community growth causes conflicts between water users in the upper, middle and lower basins (S1). Local community growth, inadequate land use planning and migration to urban centers exacerbate competition for water resources in the basins (Mulligan et al., 2010). It is worth noting that population migration to large cities intensifies the demand for various ecosystem services such as water, food, and others provided by rural areas to meet the needs of the urban population (Mulligan et al., 2010). As urbanization accelerates, competition for freshwater between cities and agriculture is expected to escalate, with urban water demand projected to rise by 80% by 2050 (UN-Water, 2023).

Additionally, dissatisfaction and resistance to conservation strategies (S2) arise from factors like perception outcomes and familiarity with specific practices within our local communities. Perception of ecosystem recovery from restoration projects often hinges more on aesthetic criteria than recognition of ecological quality (Junker and Buchecker, 2008). As indicated by Jourdain et al. (2023), recognizing the environmental effects of protecting aquatic ecosystems is challenging, given that the outcomes heavily rely on the diverse perspectives of multi-stakeholders with varying interests in water ecosystem services and different opinions on problem definitions and potential solutions. Similarly, different backgrounds, educational levels, and traditional beliefs can lead to varying perceptions, often resulting in misunderstandings about environmental impacts (Arsénio et al., 2020; Porras et al., 2018). Additionally, people frequently resist transitioning from conventional to environmentally friendly strategies due to economic uncertainty, financial investment, and the need to develop new skills (Rode, 2021).



3.1.4 Technological (T) dimension

Improving the health of aquatic ecosystems is a significant challenge because of the mismatches between data and technology in our local communities (T1). Scientific data regarding the effects of implemented technologies on natural resources and their benefits for humans and ecosystems are not easily accessible (Jourdain et al., 2023; Apostolaki et al., 2019; Grigg, 2016). Strategies to address this data problem, such as governments embracing mandatory environmental information disclosure, have emerged worldwide (Chen and Cho, 2019). However, the mechanisms by which this disclosure can effectively garner public support for environmental initiatives remain unclear, while decision-making processes continue to be influenced by the information available (Grigg, 2016; Glaser et al., 2021). Hence, decision-makers are either economically rational, making consistent decisions when they gather sufficient information, or economically irrational, varying their choices based on available options (Grigg, 2016; Glaser et al., 2021).

In addition, according to UN-Water (2023), the innovation with partners from the North and South could go a long way towards developing technically feasible, economically viable, socially acceptable and locally adaptable solutions to core water-related challenges. Considering patenting activity for water-related innovation has more than doubled since 1990 and is monopolised in developing countries (OECD, 2018), and the scarce investment in technology innovation (T2) within our local communities, achieving collaborative innovation remains a far-off objective.



3.1.5 Environmental (En) dimension

Our local communities heavily rely on water ecosystem services for their livelihoods (En1); nevertheless, agricultural expansion, grazing and urban development in páramo ecosystems degrade essential water ecosystem services (En2). Páramo ecosystems, along with several high-elevation ecosystems across continents, act as water towers providing numerous ecosystem services while remaining vulnerable to anthropogenic pressures and highly sensitive to climate change (Buytaert et al., 2006; Shahgedanova et al., 2021). For instance, agricultural development in páramo ecosystems is attributed to páramo soils, which have a high carbon content, a high soil moisture content, a high water retention capacity, and a high hydraulic conductivity (Buytaert et al., 2005; Calispa et al., 2021; García et al., 2020). Besides, the páramo ecosystems experience high frequencies of precipitation, which are key for agriculture, primarily attributable to orographic effects, resulting in annual sums of precipitation exceeding 1,500 mm (Crespo et al., 2019; Ilbay-Yupa et al., 2021).

In local communities, agriculture is crucial in providing ecosystem services, such as food (Mosquera et al., 2023). However, the long-term impact of agriculture significantly undermines other ecosystem services (Gordon et al., 2010). For example, water quality is affected by unsustainable agriculture, even in regions with abundant water availability (Mulligan et al., 2010). Agricultural land management, plant protection and fertilizer application contribute significantly to water pollution, as heavy rainfall leads to surface runoff, erosion and subsequent sediment transport into rivers, or nutrients, pollutants (agrochemicals) and faecal coliform bacteria are washed out and enter surface waters (Clausen and Meals, 1989; Rey-Romero et al., 2022). New data from Lu and Tian (2017) show that the use of N and P fertilizers per agricultural area has increased by a factor of eight for nitrogen and three for phosphorus since the 1960s, contributing to widespread eutrophication and the development of hypoxic zones in coastal zones (Maúre E De et al., 2021), but also to an immense spread of eutrophic conditions in inland waters (Wang et al., 2018).

At the same time, livestock grazing intensifies nutrient inputs (from manure), alters plant diversity through trampling and consumption, compacts the soil, and induces stream bank collapse, thus affecting stream morphology and aquatic and riparian zones (Muller et al., 2016). Additionally, the introduction of non-native species in the páramo, despite habitat alterations, is usual to boost economic returns in less viable agricultural areas (Buytaert et al., 2007). In the same way, urbanization significantly modifies the hydrology of basins and the transport of sediment, nutrients, and pollutants, thereby impacting water quality (Gyawali et al., 2013; Sheldon et al., 2019).

As a result, in Ecuador, aquatic ecosystems used for agriculture, livestock, fish farming, and drinking contain high levels of total coliforms, and agrochemical and metal concentrations that exceed acceptable water quality standards (Vinueza et al., 2021; Capparelli et al., 2020). It exposes the population to waterborne diseases related to faecal contamination and heavy metals, leading to significant health risks, including high morbidity and mortality (Mitra et al., 2022; Some et al., 2021). Specifically, the Ecuadorian rural sector is vulnerable, as only 48.5% have access to drinking water that meets the national regulations (INEC, 2022). Apart from the impacts on providing and regulating water ecosystem services, impacts on cultural ecosystem services affect indigenous populations due to their cosmovision regarding the meaning of water (Kleemann et al., 2022).



3.1.6 Legal (L) dimension

The right to use water must be addressed by water law so that people and organizations can have security of their access to water to meet their needs (Grigg, 2016). Nonetheless, participants reported that laws to protect aquatic ecosystems are neglected in the local communities (L1), resulting in deteriorating water quality (Vinueza et al., 2021; Zapata et al., 2021). This global concern impacts the sustainability of water ecosystem services despite efforts with modern paradigms such as stringent regulations, integrated water resources management, and sustainable sanitation (UN-Water, 2016; Jourdain et al., 2023). A significant challenge in regulation is that it aims to enforce laws to control behavior in the public interest, yet defining the public interest remains a complex and elusive objective (Grigg, 2016).

From the point of view of participants, in the local communities, there is a lack of strict sanctions against environmental violations (L2). According to Grigg (2016), water users should not expect to self-regulate, and oversight is essential to ensure that the bodies responsible for creating and enforcing rules are held accountable. In addition, specialized institutions must be vigilant to ensure that organisations that have violated the social contract, like environmental damage, are liable to bear the cost of the damage caused to society as per legitimacy theory (Buccina et al., 2013). An aspect highlighted in Wiegant (2022) is that limitations on water ecosystem services for local actors, without fair compensation, are ineffective. Instead of complying, local actors may circumvent regulations, like cutting fences around protected areas and enabling illegal grazing by livestock again.

A final point derived from participants was that regulations historically favored large-scale agriculture in crucial aquatic ecosystems (L3), thereby disadvantaging peasant farmers (Solo De Zaldívar, 2015). These regulations limit restoration strategies to cover private areas or pose problems in addressing widespread ecosystem degradation (Wiegant, 2022; Coronel, 2019; Partridge, 2016).




3.2 NbS embedded in the local communities’ PESTEL dimensions

We examined the network view maps of two specific NbS for our local communities: artificial floating islands (AFIs) and passive river restoration. The terms macrophytes in Figure 3, water quality in Figure 4, restoration in Figure 5, and governance in Figure 6, as well as their associated items, caught our attention in the network view maps, respectively. By associating these terms and items, and supported by the literature review, AFIs were characterized as (A) macrophyte-based technology and (B) a cost-effective strategy for sustaining water ecosystem services, aligning with multiple PESTEL dimensions of our local communities (Figure 2). In turn, passive river restoration complemented the PESTEL dimension that AFIs did not accommodate. Hence, it serves as a (C) mechanism to promote the natural regeneration of headwater vegetation and as a (D) strategy to govern water ecosystem services (Figure 2).

[image: Figure 3]

FIGURE 3
 Choosing “macrophyte” in the AFIs network view map highlights connected items.
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FIGURE 4
 Choosing “water quality” in the AFIs network view map highlights connected items.
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FIGURE 5
 Choosing “restoration” in the passive river network view map highlights connected items.
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FIGURE 6
 Choosing “governance” in the passive river restoration network view map highlights connected items.



3.2.1 Macrophyte-based technology

The term macrophyte in Figure 3 served as a crucial term for bibliometric analysis, as highlighted by Colares et al. (2020), and its items such as phytotechnology, root, shoot, mechanism, removal, system, performance, water body, time, total phosphorus, total nitrogen, chemical oxygen demand, biochemical oxygen demand, turbidity, heavy metals, and macrophytes (Canna and Juncus), lead to characterize AFIs. AFIs are one of the latest phytotechnology innovations in the remediation of degraded water bodies. Its natural mechanism for removing pollutants, low maintenance, lack of land requirements, and ease of implementation (Colares et al., 2020; Afzal et al., 2019; Prashant, 2020) make it ideal for local communities like ours, considering the scarce investment in technology innovation (T2) and the absence of long-term strategies (P3) (Figure 2).

The low operating cost of AFIs is due to the high removal efficiency, mainly dependent on macrophytes, supported by inexpensive flotation materials (Souliotis and Voulvoulis, 2022; Cui et al., 2022; Samal, 2019; Yeh et al., 2015). The main component of AFIs is macrophytes with their associated microbial communities of biofilms and zooplankton, which play a dual role in directly assimilating pollutants into their tissues and acting as catalysts for purification reactions (Cui et al., 2022; Benvenuti et al., 2018).

Floating, floating-leaf, emergent and submersed macrophytes are used to improve the polluted water bodies (De Stefani et al., 2011; Zhao et al., 2012). A broad range of plants are suitable for these purposes, with the most common genera Canna, Carex, Cyperus, Juncus, and Typha (Colares et al., 2020). Also, Phragmites australis (common reed), Oenanthe javanica (water celery), Iris pseudacorus (yellow flag), Glyceria maxima (sweet manna grass), Chrysopogon zizanioides (vetiver grass), and Ipomea aquatica (water spinach) are commonly used (Samal, 2019; De Stefani et al., 2011; Chance et al., 2022). Using different types of plants leads to diversity within the island, which results in more biodiversity, better functioning, and more stable islands (Idris et al., 2010).

Hence, AFIs restore aquatic ecosystems through mechanisms, including water self-purification, bioaccumulation, plant uptake, microbial assimilation, adsorption-sedimentation, and other pathways (Yeh et al., 2015; Hwang et al., 2020; Tanner and Headley, 2011). Consequently, a reduction in pollutants, suspended solids, oxygen demand and excessive nutrients is achieved in the water (Afzal et al., 2019; Benvenuti et al., 2018; Prashant, 2020). Similarly, concentrations of metals like arsenic, iron, lead, copper, chromium, cadmium, and nickel (Afzal et al., 2019; Fonseca et al., 2020; Gaballah et al., 2021). In addition, AFIs effectively remove bacteria such as faecal coliforms from water, reduce turbidity, and increase dissolved oxygen (DO) (Prashant, 2020; Olguín et al., 2017).

This water improvement is analysed over short-term periods such as seven days (Gaballah et al., 2021), 20 days (Guo et al., 2014), and 120 days (Fonseca et al., 2020), as well as over long-term periods including 12 months (Benvenuti et al., 2018), 18 months (Afzal et al., 2019), and 24 months (Olguín et al., 2017).



3.2.2 A cost-effective strategy for the water ecosystem services’ sustainability

The term water quality includes items such as low cost, efficiency, system, performance, water purification, wastewater, lake, reservoir, biomass, water body, application, and development, as depicted in Figure 4. This guided the alignment of AFIs for local communities heavily reliant on water ecosystem services for their livelihoods (En1), despite facing challenges of limited governmental financial support (Ec1), and focus on environmental investment in large urban centers (Ec2), as shown in Figure 2.

AFIs contribute directly to vital water ecosystem services such as irrigation water supply, fisheries, and aquaculture and indirectly to water purification and maintaining populations and habitats by reducing pollution, aligning with Target 6.3 of Sustainable Development Goal 6 in various water bodies (De Moraes et al., 2023; Fletcher et al., 2024; Masi et al., 2018).

In particular, in developing countries, AFIs have shown success in regulating severe eutrophic river conditions (Guo et al., 2014), treating oil-polluted water in pits (Afzal et al., 2019), reducing mainly pollutants in wastewater treatment plants (Benvenuti et al., 2018; Prashant, 2020), providing water for agriculture (Fonseca et al., 2020) and fisheries from reservoirs and lakes (De Moraes et al., 2023), and enhancing the aesthetic appreciation of ponds (Olguín et al., 2017).

To enhance pollutant removal, key attributes of the materials used for AFIs construction, such as buoyancy, durability, anchoring, flexibility, easy installation, affordability, and hydrophobic materials, must be considered (Samal, 2019; Sharma et al., 2021). Bamboo, PVC pipes, polypropylene pipes, polystyrene sheets, and inflatable vinyl are used for the main features of the system’s buoyancy (Samal, 2019). To fix plants and facilitate biofilm attachment, plastic nets and mediums such as rice straw, bristle coir fiber, and volcanic gravel, among others, are used (Samal, 2019; Wang et al., 2020). The selection of materials depends to a large extent on their mechanical resistance associated with biological, chemical, and weather resistance to prevent the potential degradation of materials such as plastic (De Stefani et al., 2011; Ware and Callaway, 2019).

In addition, macrophyte type, environmental conditions, water depth, buoyancy, coverage rate, macrophyte configuration mode, and periodic removal are crucial factors for ensuring optimal performance of AFIs. The selection of macrophytes is based mainly on the ability of the roots to distribute throughout the water column, on the activity of the leaves to transpire water, nutrients and heavy metal storage in plant material, and root filtration (Hwang et al., 2020; Barco and Borin, 2020). A water depth consideration is crucial depending on the type of macrophyte species planted in the water to ensure that the roots float in the aquatic ecosystem and prevent them from adhering to the sediment (Samal, 2019). Furthermore, flotation enables plants to remain unaffected by water level fluctuations (De Stefani et al., 2011). Moreover, vegetation coverage ratio and different configurations of macrophytes can improve pollutant removal. A high vegetation cover (more than 50%) may create anoxic conditions in the water as it prevents diffusion of oxygen from the air to water due to wind activity, whereas low coverage (9–18%) may add an insignificant amount of treatment effect (Samal, 2019). The diversity of macrophytes composing the AFIs is also relevant, with single-species AFIs showing lower total biomass production (Liu et al., 2014). Finally, periodic removal of plant biomass (harvest) from water bodies is essential to maintain purification efficiency and prevent pollutants from returning to the water during decomposition (Zhao et al., 2012). Harvesting above-mat vegetation is a common practice to enhance nutrient removal efficiency, considering seasonal variations and the type of macrophyte involved (Samal, 2019; Barco and Borin, 2020).

Plants on floating islands can be harvested for various purposes, including producing saleable plants that generate profits over the lifetime of AFIs, serving as animal feeds, or processing into biogas, bio-fertilizer, and bio-materials (Yeh et al., 2015; Zhao et al., 2012). Yet, questions remain about AFIs use for human food consumption due to health concerns, lack of definitive safety tests, and economic potential for reselling the whole plant post-harvest from a treatment system (Chance et al., 2022).



3.2.3 A mechanism for promoting natural regeneration of headwater vegetation

In Figure 5, the term restoration and items like mechanism, land, time, headwater, river, riparian ecosystem, vegetation recovery, landowner, stakeholder, perception, restoration effort, potential, effect, limitation, disturbance, natural succession, and rural landscape, are highlighted to align with two crucial PESTEL dimension. Agricultural expansion, grazing and urban development in páramo ecosystems degrade essential water ecosystem services (En2) due to the lack of strict sanctions against environmental violations (L2), which could be mitigated through passive river restoration (Figure 2).

Passive river restoration is particularly well-suited for headwater streams (first and second-order streams), where water quality conditions are restored by eliminating disturbance factors and allowing for natural vegetation recovery (Taniwaki et al., 2019; Trujillo-Miranda et al., 2018; Buytaert et al., 2007). Headwater streams are characterized by controlling both the structure and operation of superior-order rivers (Forget et al., 2013), often located outside the economic centre of a country, isolated and commonly neglected (Haigh and Křeček, 1991).

Passive river restoration, such as livestock enclosure, is promoted because it saves time, effort, and money and can be implemented along an entire stream, whereas active restoration often occurs only on a short river section (Jähnig et al., 2010; McIver and Starr, 2001; Prach and Hobbs, 2008). By limiting or removing sources of disturbance from streams with some existing level of bank stability and riparian vegetation, autogenic primary processes may allow some level of recovery to in-stream habitats (Hough-Snee et al., 2013). Mechanisms like fencing out livestock, fallowing cropland, removing over-abundant lianas or thinning and controlled burns in fire-suppressed forests promoting natural succession through minimal management intervention in an ecosystem offer legal, economic and environmental advantages (Arsénio et al., 2020; Brauman et al., 2019).

Land ownership, water users, and management rights are factors that can either limit or drive restoration efforts. Some actors may perceive restoration efforts as a means to assist ecosystem recovery and its biotic community, while others may prioritize more highly managed or commercially focused interventions (Chazdon et al., 2021). Also, gaining the support of mainly landowners is a challenge, as it often entails the loss of grazing land. For instance, in the Oir River basin in France, according to Muller et al. (2016), the maximum distance a river manager can handle is 1 m away from the river bank. Therefore, it is recommended that restoration efforts be integrated within a restoration governance framework to enhance the likelihood of success and sustainability of restoration programs (Sapkota et al., 2018).



3.2.4 A strategy for governing water ecosystem services

In Figure 6, the term governance and associated items such as goal, water fund, ecosystem service, restoration effort, challenge, capacity, mechanism, restoration, and system are highlighted to align several PESTEL dimensions. Thus, neglect of laws protecting aquatic ecosystems in local communities (L1), the absence of investment returns (Ec3), and conflicts between water users in the upper, middle and lower basins caused by local community growth (S1) are depicted in Figure 2.

Along a headwater stream, interactions between the stream and riparian area are tightly coupled (Richardson and Danehy, 2007), playing a crucial role in restoring aquatic ecosystems (target 6.6; SDG 6). Riparian vegetation contributes to water purification by filtering sediments, pesticides, and particulate organic matter and reduces nutrients such as nitrate and phosphorous in groundwater (Muller et al., 2016; Yang et al., 2021). It creates deep, dense root networks to protect the soil (Forget et al., 2013). In particular, in the headwaters of the important Andean river basins, natural páramo vegetation contributes to soil carbon accumulation (Mosquera et al., 2023; Brauman et al., 2019). Thus, water, soil and vegetation, the three elements of the riparian area (Yang et al., 2021), are the focus of passive river restoration to directly support the sustainability of drinking water sources and ensure access to adequate, safe, and affordable basic services, aligning with Target 11.1 of SDG 11. Indirectly, this restoration contributes to soil formation and carbon sequestration (Grizzetti et al., 2016; Mosquera et al., 2023; Khorchani et al., 2022) by reducing land degradation (target 15.3; SDG 15) (Muller et al., 2016), and promoting the conservation of mountain ecosystems (target 15.4; SDG15) (Brauman et al., 2019).

Restoration mechanisms are gradually emerging as a useful concept within the law, which can develop and enforce mechanisms to manage degraded ecosystems to restore them to desirable states (Sapkota et al., 2018). In this context, external financing mechanisms like water funds, whose goal is to invest in priority strategies such as private land acquisition, communal and private agreements, and coordinated or co-managed public lands, have facilitated long-term passive restoration efforts and managed conflicts between these actors in Ecuador and other developing countries (Coronel, 2019; Brauman et al., 2019; Castanier, 2015). Also, the focus on monetary valuation and payment mechanisms contributes to attracting political support for supporting conservation and commodifying a growing number of ecosystem services (Coral et al., 2021).

In terms of investing in passive river restoration, Brauman et al. (2019) anticipate a positive financial return over the next 20 years for Water Utility Company in Quito. This projection is based on savings in water treatment costs resulting from reduced levels of nutrients, bacteria, turbidity, and sediments in the source water. Combining this strategy with enforcement mechanisms, adapting large-scale restoration programs, re-framing conventional top-down management, and prioritizing areas for restoration contribute to the sustainability of water ecosystem services (Khorchani et al., 2022; Csákvári et al., 2022; Sippi and Parmar, 2024).




3.3 Future research directions for AFIs and passive river restoration

The network view maps of AFIs and passive river restoration facilitated alignment with multiple PESTEL dimensions of local communities (Figure 2). Nonetheless, crucial elements such as local community involvement, stakeholders, and experts were absent.

Integrating community knowledge into phytotechnology advancements could considerably influence AFIs (Fletcher et al., 2024; Gutierrez-Gines et al., 2021). Research should focus on understanding local communities’ views on systems designed by manipulating macrophyte composition to provide various ecosystem services, a significantly underexplored field (Fletcher et al., 2024; Yongabi et al., 2018). Combining local place-based perspectives with expert and scientific insight is essential in ecosystem management (Balzan et al., 2022; Gbedemah, 2023). For example, AFIs are perceived as simple in their construction, operation and maintenance; however, numerous complex processes directly influence system performance and pollutant removal efficiency. Factors such as inlet contaminant concentrations, water retention time, pH, salinity condition, and microorganisms in the rhizosphere of macrophytes impact the system (Colares et al., 2020; Yeh et al., 2015) and require expert analysis. Public participation, including local communities and experts, also helps to identify concerns on AFIs installation, such as degradation of the plastic matrix, long-term maintenance and disturbance of native macrophytes (Ware and Callaway, 2019).

Hence, AFIs as a macrophyte-based technology could incentivise multi-stakeholder involvement to address local community dissatisfaction and resistance to conservation strategies (S2) and limited local community involvement in ecosystem management (P2) in our study area (Figure 2). Involving multiple stakeholders not only helps in understanding accurate perceptions of ecosystem recovery but also provides operational and guidance information for future ecological restoration with an adaptive approach (Arsénio et al., 2020; Mercado et al., 2024). Furthermore, by enhancing local community livelihoods following Target 1.4 of SDG 1 and by mobilizing and sharing knowledge, expertise, technology, and financial resources, AFIs support the achievement of these SDGs.

Moreover, a significant knowledge gap exists regarding AFIs on headwater streams for drinking water sources, a critical necessity upon which local communities heavily rely. Only a few studies highlight AFIs implementation on aquatic vegetation near riversides and mosaic floating islands, mainly addressing the mitigation of nutrient enrichment (Yeh et al., 2015; Zhao et al., 2012). It led us to combine AFIs with passive river restoration to tackle the PESTEL dimensions that the AFIs alone do not effectively address, as shown in Figure 2. Nonetheless, the lack of political will to support strategies for maintaining healthy aquatic ecosystems (P1), the mismatches between data and technology (T1) and regulations historically favoring large-scale agriculture in crucial aquatic ecosystems (L3) of the PESTEL dimensions of local communities extends beyond the AFIs and passive river restoration. Since these challenges cannot be addressed by local community solutions alone, there is a need for future research to explore NbS in regional or national frameworks.




4 Conclusion

We developed a novel framework that demonstrates how integrating artificial floating islands (AFIs) with passive restoration addresses the complexity of local community PESTEL dimensions that influence the sustainability of water ecosystem services. AFIs, a cost-effective macrophyte-based technology, are adapted to political, economic, social, technological and environmental dimensions. They offer short- and long-term results with low investment in technology and a perspective of incorporating community plant knowledge. By improving the health of lakes, ponds and reservoirs in rural and urban landscapes in the local communities, AFIs contribute directly to vital water ecosystem services such as irrigation water supply, fisheries, and aquaculture and indirectly to water purification and maintaining populations and habitats.

Moreover, passive river restoration primarily addresses the legal dimension and complements the environmental and social dimensions AFIs cannot align. It promotes the natural regeneration of headwater vegetation to sustain drinking water sources while indirectly contributing to soil formation and carbon sequestration. At the same time, it demonstrates how restoration efforts have prompted laws to safeguard aquatic ecosystems in other local realities. Improving aquatic ecosystems also could help achieve the cultural values embedded in indigenous cosmovision.

Integrating AFIs with passive river restoration can also achieve several SDGs, including promoting sustainable and efficient natural resource use (Target 12.2, SDG 12), reducing water pollution (Target 6.3, SDG 6), restoring aquatic ecosystems (Target 6.6, SDG 6), mitigating land degradation (Target 15.3, SDG 15), and conserving mountain ecosystems (Target 15.4, SDG 15). This integration also supports sustaining drinking water sources and ensuring access to adequate, safe, and affordable basic services (Target 11.1, SDG 11), improving local community livelihoods (Target 1.4, SDG 1), and mobilizing and sharing knowledge, expertise, technology, and financial resources to further the SDGs (Target 17.16, SDG 17).

The framework will facilitate informed decision-making for water ecosystem protection by a critical NbS assessment in a developing country while remaining adaptable to countries with similar contexts. Furthermore, as a policy tool, it highlights the benefits of AFIs and passive river restoration for water ecosystem services and advocates their integration into conservation and restoration projects.
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