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Abstract 

Nature-based solutions (NbS) in aquatic ecosystems catch the attention of policymakers as 

strategies to directly contribute to Sustainable Development Goal (SDG) 6 and indirectly 

support other SDGs. However, evidence of their effectiveness is limited. NbS in aquatic 

ecosystems involve more than addressing water quality issues; they require a clear 

understanding of their macro-environment. Thus, political, economic, social, technological, 

environmental, and legal (PESTEL) dimensions significantly influence the success or failure 

of NbS. To bridge this gap, I developed a multi-method framework that guides the alignment 

of NbS in crucial aquatic ecosystems within the PESTEL dimensions of developing-country 

communities. Focusing on Ecuador, rivers, estuaries, lakes, ponds, reservoirs, and riparian 

zones, which play vital roles as water sources for drinking, irrigation, and fishing in the 

selected communities, were used to propose NbS. A three-stage framework that integrates a 

mixed methods approach and involves multi-sectoral stakeholders was employed to shape 

NbS according to the PESTEL context of the local communities.  Artificial floating islands 

(AFIs), a cost-effective macrophyte-based technology, and passive ecological restoration, a 

strategy to promote the natural regeneration of headwater vegetation, were evaluated as NbS 

at different stages. The stages included i) adapting AFIs in local communities by fuzzy 

cognitive maps, ii) assessing the environmental impacts of passive ecological restoration on 

páramo communities by remote sensing techniques, water quality assessment, and correlation 

analysis, and iii) merging AFIs with passive ecological restoration in páramo communities 

via bibliometric analysis. As a result, in the first stage, multiple PESTEL factors influencing 

water quality deterioration were identified, along with the potential of AFIs to respond to 

these challenges. The most influential PESTEL factors recognised were natural water 

pollutants, human exposure to environmental pollutants, and the violation of environmental 

legislation in the páramo, mangrove, and rainforest communities, respectively. Moreover, 

model simulations combining AFIs with strengthening training and education programs, 

demanding corporate environmental responsibility, and paying for ecosystem services 
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showed an improvement in sustainable water management. In the second and third stages, 

páramo communities were the focus, including smallholder indigenous and peasants who 

depend on the páramo for water ecosystem services. Hence, I demonstrated that several 

PESTEL factors guided by bottom-up (local level) management successfully facilitate 

passive ecological restoration in páramo communities, maintaining excellent water quality. 

In contrast, top-down (national level) management overlooks local environmental problems, 

obstructing passive ecological restoration in páramo to improve water quality. Finally, AFIs 

and passive ecological restoration were integrated into páramo communities to address 

several PESTEL challenges related to insufficient funding, tech innovation, community 

commitment, and land use regulations and to contribute to achieving multiple SDGs. This 

novel and inclusive framework synthesis of diverse data sources and methodologies provided 

valuable insights tailored to local realities and adaptable to similar contexts in developing 

countries.  
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Chapter I: Extended Summary 

1.1 Introduction  

Healthy aquatic ecosystems, including rivers, estuaries, lakes, ponds, and reservoirs, 

and their diverse habitats, such as riparian zones, transfer social, ecological, and economic 

benefits from nature to humanity (Blahna et al., 2017; Culhane et al., 2019; Grizzetti et al., 

2016). Conversely, poor water quality is a crucial factor leading to water scarcity, 

jeopardising livelihoods and the socio-economic development of communities worldwide 

(Alcamo, 2019; Carroll et al., 2019).  

In developing countries, where ecological degradation of aquatic ecosystems is 

widespread, and local communities heavily depend on water ecosystem services, nature-

based solutions (NbS) play a pivotal role in supporting sustainable livelihoods (Kenter et al., 

2011; Telwala, 2023; UNCTAD, 2022). Cost-effective alternatives (Colares et al., 2020), 

promoting efficient and sustainable use of water resources (Souliotis & Voulvoulis, 2022), 

stakeholder engagement (Pagano et al., 2019), incorporation of community knowledge 

(Baustian et al., 2020), and improving the delivery of a range of ecosystem services (Liquete 

et al., 2016) by improving the water quality of aquatic ecosystems (Echavarria et al., 2021; 

Sowińska-Świerkosz & García, 2022) are some of the benefits highlighted by NbS. These 

efforts directly support the achievement of Sustainable Development Goal SDG 6 (clean 

water and sanitation), targets 6.3 (water quality improvement), and 6.6 (protect and restore 

water-related ecosystems) (UN, 2015).  

Artificial floating islands (AFIs), a phytotechnology innovation for remediating 

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). The 

low operating cost of the AFIs is attributed to the inexpensive materials, offering a low-cost 

solution with high removal efficiency (Cui et al., 2022; Souliotis & Voulvoulis, 2022; Yeh 

et al., 2015). The main component of the AFIs is macrophytes with their associated microbial 
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communities of biofilms and zooplankton, which together play a dual  role by not only 

directly assimilating pollutants into their tissues but also acting as catalysts for purification 

reactions (Benvenuti et al., 2018; Cui et al., 2022). AFIs in estuaries, lakes, ponds, and 

reservoirs 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 when improving water quality (De Stefani et al., 2011; Huang et al., 

2017; Lu et al., 2015; Prashant & Billore, 2020).  

Moreover, passive ecological restoration, also known as passive river restoration, is 

especially suitable for headwater streams where water quality conditions can be restored by 

eliminating disturbance factors and allowing for natural vegetation recovery (Muller et al., 

2016; Taniwaki et al., 2019; Trujillo-Miranda et al., 2018). Headwater streams are 

characterised 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 & Křeček, 1991). Therefore, by fostering natural vegetation regeneration, 

passive ecological restoration helps maintain drinking water sources and indirectly supports 

soil formation, composition and carbon sequestration (Brauman et al., 2019; Jähnig et al., 

2010; Muller et al., 2016).  

To fully realise their potential in aquatic ecosystems of local communities, AFIs and 

passive ecological restoration should be tailored to address the environmental issues within 

their political, economic, social, technological, environmental, and legal  (PESTEL) 

dimensions (Fonseca et al., 2022). Due to the complex adaptive dynamics of 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 & Coppens, 2023). In addition, involving local communities and other key 

stakeholders, from problem identification to decision-making, contributes to more 

scientifically legitimate and publicly accountable decisions (Corburn, 2007; Nare et al., 

2011).  
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Nonetheless, most studies about NbS do not include such analysis, limiting 

policymakers’ understanding of their potential to support SDG 6 and contribute to several 

other SDGs. To address this gap, I developed a multi-method framework to guide the 

alignment of NbS within the PESTEL dimensions. The framework was tested on several 

Ecuadorian communities and two types of NbS, i.e. artificial floating islands and passive 

ecological restoration.  

1.2 Research objectives and structure  

The research was organised into three main objectives, aligning with the stages of the 

framework’s development. Each objective was guided by research questions and discussed 

in a separate chapter of the thesis: 

Objective 1: Identify the principal PESTEL factors that influence water quality at the 

community level and explore the implementation of artificial floating islands and policy 

interventions to improve water quality.  

Based on a fuzzy cognitive maps approach, I answered the following questions: (1) 

What are the PESTEL factors related to water quality deterioration at the community level 

considering multi-sectoral stakeholder perceptions? (2) How can local water quality be 

improved if communities implement artificial floating islands? (3) Which policies of the 

PESTEL concepts can be combined with artificial floating islands to strengthen their 

effectiveness in improving water quality? 

Objective 2: Capturing PESTEL factors that favour (or constrain) the implementation 

of passive ecological restoration and quantify their potential environmental impacts in 

páramo areas.  

Combining scoping review with remote sensing techniques, water quality assessment, 

and correlation analysis, I addressed the following research questions: (1) What PESTEL 

factors favour (or constrain) the implementation of passive ecological restoration in the 
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páramo ecosystems? (2) How do spatiotemporal changes in land use/land cover (LULC) and 

water quality differ between páramo areas with and without passive ecological restoration? 

(3) How does combining PESTEL analysis with environmental impact assessment of passive 

ecological restoration contribute to decision-making for sustainable land and water 

management in páramo areas? 

Objective 3: Combining a multi-stakeholder workshop with a bibliometric analysis, 

I investigated: (1) How do PESTEL dimensions of local communities influence the water 

ecosystem services’ sustainability? (2) 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?  

This framework, focused on Ecuador, provides strategies to sustain aquatic ecosystem 

health through a critical assessment of NbS in a developing country while remaining 

adaptable to countries with similar contexts. Furthermore, as a policy tool, it highlights the 

benefits of artificial floating islands and passive ecological restoration for achieving multiple 

SDGs and advocates their integration into conservation and restoration projects. The three 

objectives of this dissertation were tackled in three respective publications. 

1.3 Materials and Methods 

1.3.1 Study area  

The study focused on local communities in three water-rich ecosystems in Ecuador, 

i.e., páramo, mangrove and tropical rainforest (Fig. 1-1).  

Páramo is a unique tropical montane tundra ecosystem in the high tropical Andes at 

elevations of 3,000 to 5,000 meters above sea level (m.a.s.l.) (Buytaert et al., 2006; 

Christmann & Oliveras, 2020; Patiño et al., 2021). It is characterised by high water retention 

capacity and provides drinking and irrigation water to almost all Andean communities 

(Buytaert et al., 2006; Mosquera et al., 2023).  
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Mangroves consist of trees and shrubs adapted to grow in intertidal environments 

along tropical coasts (Feller et al., 2010). They offer ecological and economic benefits to 

coastal fisheries communities by providing nursery habitats and feeding grounds for 

numerous fish species, crustaceans, and molluscs (Calle et al., 2018).  

Tropical rainforests are some of the world’s most complex and abundant ecosystems, 

where rivers provide drinking water and support aquaculture for local communities 

(Delgado-Aguilar et al., 2017).  

 

Fig. 1-1. Study area, (a) local communities (black dots) and (b) regions home to páramo, 

mangrove, and rainforest communities in (c) Ecuador located in South America. 

Parámo is home to smallholder indigenous and peasant communities heavily reliant 

on water ecosystem services from headwater streams, lakes, ponds, and reservoirs.  The 

páramo communities for this study are distributed in the provinces of Pichincha, Cotopaxi, 

Bolivar and Chimborazo, covering a landscape of 26,424 km2 in the central Andean region 

of Ecuador (Fig. 1-1). These provinces are the source of three major rivers, the Guayas, 

Communities 

Provinces 

Legend 
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Esmeraldas, and Pastaza, and are home to 68% of Ecuador’s Andean population (INEC, 

2022).  

Mangrove and rainforest communities include indigenous and non-indigenous 

populations who depend on the ecosystem services of estuaries and rivers within mangrove 

and rainforest ecosystems, respectively. The mangrove-covered Mogollon estuary bank is 

one of the main tributaries of the Salado estuary in the province of Guayas (Hechavarría 

Hernández et al., 2018). The upper tributaries of the Napo River in the rainforest province of 

Napo are characterised by elevations ranging from 520 to 1,240 m a.s.l (GADR San Pablo, 

2015; Pueblo Kichwa de Rukullakta, 2018). 

1.3.2 Water quality deterioration in aquatic ecosystems in the study area  

Problems related to poor water quality are common in developing countries 

(UNICEF, 2020), which often face economic water scarcity due to several PESTEL 

challenges, making it extremely difficult to achieve SDG 6 (Gude, 2017; Vinueza et al., 

2021). The local communities I investigated rely heavily on water ecosystem services for 

their livelihoods, but agricultural and forestry activities, grazing, mining, and urban 

development threaten the maintenance of their aquatic ecosystems ( Fonseca et al., 2024; 

Vinueza et al., 2021). 

 Aquatic ecosystems used for agriculture, livestock, fish farming, and drinking water 

often contain high levels of total coliforms and agrochemicals, as well as metal 

concentrations that exceed acceptable water quality standards (Capparelli et al., 2020; 

Vinueza et al., 2021; Zapata et al., 2021). It is widely recognised that contaminated water 

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).  
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The local communities, situated in rural areas, are especially vulnerable, with only 

48.5% of their population having 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). 

1.3.3 Multi-sector stakeholder participation 

Representatives of páramo, mangrove and rainforest communities, alongside 

decentralised autonomous governments at provincial, municipal, and parish levels in each 

province, were the primary stakeholders involved in building community knowledge through 

participatory workshops. Additionally, participants from Non-Governmental Organizations 

(NGOs) were also included, such as representatives from CARE (Cooperative for Assistance 

and Relief Everywhere), Plan Internacional, Misión Asistencia, 180 GRADOS, and the 

Environmental Fund for Water Protection of Quito (FONAG). Professors and researchers 

from the Technical University of Cotopaxi, University of Guayaquil, Regional Amazonian 

University Ikiam, Justus Liebig University Giessen, and consultants were also invited to 

participate in the workshops.  

The selection of participation sectors was guided by Ecuadorian water law (Asamblea 

Nacional., 2014), emphasising 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.  

1.4 Multi-method framework for NbS adaptation 

The framework was organised in three main stages that integrate NbS with the 

PESTEL dimensions of local communities, as illustrated in Fig. 1-2.  
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Fig. 1-2. The multi-method framework integrating artificial floating islands (AFIs) and 

passive ecological restoration within local communities’ PESTEL dimensions.  

Stage 1. Adapting artificial floating islands in the key local communities in Ecuador1 

At this first stage of the framework development, I aimed at a) identifying the 

principal concepts that affect water quality from multi-stakeholder perspectives and b) 

exploring theoretically the use of artificial floating islands combined with different policies 

 
1 Published as: Fonseca, K., Espitia, E., Breuer, L., & Correa, A. (2022). Using fuzzy 

cognitive maps to promote nature-based solutions for water quality improvement in 

developing-country communities. Journal of Cleaner Production, 377, 134246. 

https://doi.org/10.1016/j.jclepro.2022.134246 

 

https://doi.org/10.1016/j.jclepro.2022.134246
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for improving water quality given local conditions. Three local communities located in 

páramo, mangrove, and tropical rainforest ecosystems, respectively, participated in 

extracting qualitative crucial information based on fuzzy cognitive maps and supporting 

decision-making in ecosystem management (Adriaenssens et al., 2004; Vergini & Groumpos, 

2021). The fuzzy cognitive maps are a semi-quantitative method that depicts expert 

knowledge, causal reasoning, and stakeholder perceptions by signed directed graphs (Gray 

et al., 2015; Moosavi et al., 2021; Santoro et al., 2019). By applying the principles of fuzzy 

logic and cognitive maps, different sources of knowledge facilitate the decision-making 

processes (Shahvi et al., 2021).  

This stage includes three main steps in forming the fuzzy cognitive maps approach: 

listing concepts, drawing causal relationships among these concepts by cognitive maps, and 

estimating the fuzzy inference (Fig. 1-2). In the initial step, I identified vital PESTEL 

concepts from literature and meetings with multi-sectoral stakeholders, including local 

communities. These concepts were then pre-selected and validated through a closed survey 

before being included in the social cognitive maps. After that, the local communities 

participated in the map’s construction, which was structured by nodes and bidirectional 

connections between nodes. Nodes represent physical quantities or abstract ideas, while 

connections represent the influencing degree (Cij) of the cause of concept i on the effect of 

concept j (Kosko, 1986). The cognitive maps provided by the local communities were 

converted into adjacency matrices according to Özesmi & Özesm (2004) for analysis based 

on indices of graph theory (Mourhir, 2021). In the final step, a fuzzy inference was 

conducted, including a natural dynamic simulation, a worst-case scenario, and a scenario 

influenced by policy drivers. The natural dynamic simulation determined a scenario without 

external influences known as the steady-state (Adriaenssens et al., 2004), then a worst-case 

scenario showed the maximum influence of the concepts affecting water quality (Ghaboulian 

Zare et al., 2022; Gray et al., 2015), and finally, potential outcomes in the three communities 
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were assessed by analysing scenarios involving policies that incorporate artificial floating 

islands. 

Stage 2. Assessing the environmental impacts of passive ecological restoration 

interventions versus no intervention on páramo communities2 

In the second stage, the Upper Pita and Cutuchi River basins in Ecuador served as 

natural laboratories to illustrate the role of the páramos in the northern Andes of South 

America for drinking and irrigation water supply. This stage is framed in four main steps 

(Fig. 1-2). First, a scoping review was conducted from August 2022 to April 2023 following 

the methodology by Levac et al. (2010) to identify, select, and create a timeline of relevant 

studies on passive ecological restoration in the páramo areas based on the analysis of 

PESTEL factors. Second, using Google Earth Engine, as suggested by Floreano and De 

Moraes (2021) and Gorelick et al. (2017), it was performed image collection, estimated 

spectral indices, and conducted supervised classification using a random forest classifier  to 

create LULC maps and changes for 1999, 2010, 2017, and 2022 corresponding to the crucial 

years of passive ecological restoration initiatives in both upper river basins. Third, it was 

calculated the Canadian Water Quality Index to compare water quality for drinking and 

irrigation sources between the study basins, chosen for its flexibility in the type and number 

of water quality parameters, the period of application, and the waterbodies (CCME, 2017; 

Hurley et al., 2012). Finally, Pearson’s correlation coefficient was applied to linearly 

associate spatiotemporal variations of LULC with water quality parameters (Li et al., 2008) 

and to evaluate the possible impacts of LULC changes on water quality in the Upper Pita 

River Basin and Upper Cutuchi River Basin. 

 
2 Published as: Fonseca, K., Acero Triana, J. S., Ramírez, M., Martínez, W., Ilbay, M., 

Espitia-Sarmiento, E., & Breuer, L. (2024). Assessing the potential of nature-based 

solutions as sustainable land and water management strategies in the high tropical Andean 

páramo ecosystem. Journal of Environmental Management, 372, 123350. 

https://doi.org/10.1016/j.jenvman.2024.123350 
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Stage 3. Merging artificial floating islands with passive ecological restoration in páramo 

communities3  

Albert et al.’s (2021) NbS adaptation methodology was applied and divided into two 

steps (Fig. 1-2). In the first step, multi-sectoral stakeholders were engaged in a workshop to 

devise NbS that sustain water ecosystem services for local communities and to assess 

challenges through multidimensional assessment by the PESTEL analysis (Balzan et al., 

2022; Den Heijer & Coppens, 2023). Subsequently, the information gathered from the 

workshop was consolidated and combined with studies to extend its applicability to countries 

experiencing similar contexts. 

In the second step, I used the Web of Science platform for bibliometric analysis of 

scientific data on artificial floating islands and passive ecological restoration, chosen for its 

high-quality journal access and bibliometric tool compatibility. After identifying relevant 

studies in line with the selected keywords, it was conducted an abstract screening to select 

studies aligned with the PESTEL dimensions of local communities. The literature screening 

concluded once no new information was obtained. Data was extracted from 62 peer-reviewed 

articles, academic books, and book chapters published between 1991 and 2023. 

Subsequently, I utilised the VOSviewer software to create network view maps of the 

collected scientific knowledge based on Colares et al. (2020) and Donthu et al. (2021). The 

network view maps of artificial floating islands and passive ecological restoration were 

created using terms extracted from text data, including titles and abstracts.  These maps 

 

3 Published as: Fonseca, K., Espitia-Sarmiento, E. F., Ilbay-Yupa, M., & Breuer, L. (2024). 

Integrating community knowledge into nature-based solutions for the sustainability of 

water ecosystem services: Insight from local communities in Ecuador. Frontiers in 

Sustainability, 5, 1491776. https://doi.org/10.3389/frsus.2024.1491776 

 

https://doi.org/10.3389/frsus.2024.1491776
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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). 

1.5 Main results 

 Stage 1: Adapting artificial floating islands in the key local communities in Ecuador 

From literature-based research, 40 PESTEL concepts associated with water quality 

deterioration were identified for the páramo, mangrove, and rainforest communities. 

Afterwards, local experts in each community recognised vital concepts relevant to local 

conditions, added further insights, and communities then developed fully democratic social 

cognitive maps. Subsequently, the cognitive map from the páramo community was 

constructed with 17 concepts mainly driven by environmental (23%) and economic (23%) 

aspects. The major problem identified was natural water pollutants (EV1), with the highest 

centrality value (ci = 12.22). Moreover, the mangrove community used 19 concepts 

influenced by political aspects (48%), and the primary issue was human exposure to 

environmental pollutants (EV7) and a ci = 16.27. The rainforest community used 15 concepts 

related to the economic aspect (40%), and the major problem was the violation of 

environmental legislation (L2) with a ci = 15.96, depicted in Fig. 1-3. 

Additionally, a worst-case scenario was simulated to illustrate the maximum impact 

of the main concepts affecting water quality on the other PESTEL concepts at the community 

level, assigning them a high influence value (=1). It implied focusing on concepts with the 

highest centrality in each community, thus EV1 in the páramo,  EV7 in the mangrove, and L2 

in the rainforest. The remaining concepts were affected by 89%, 90% and 87.5%, respectively 

(Fig. 1-3). Besides, in the communities, different levels of alteration were identified in 

population growth (S2), anthropogenic water pollutants (EV2), and social well-being (S7) 

(Fig. 1-3).  



 

13 

 

 

Fig. 1-3. Results of the worst-case scenario for the páramo, mangrove, and rainforest 

communities. Results are only shown for concepts with moderate to strong changes that have 

been proposed for all three communities. Numbers at bars indicate the absolute number of 

concepts identified. 

Finally, I explored potential outcomes in the three communities by analysing 

scenarios that combined policies with artificial floating islands, referred to as DAFIs in Fig. 1-

4. For instance, the local experts suggested government institutions specialised in water 

issues for the páramo community (DPE2), corporate environmental responsibility for the 

mangrove community (DME1), and better educational levels of community members in the 

rainforest community (DRE1). In addition, the local communities suggested reinforcing 

training in environmental education (DPC1) in the páramo, payment for ecosystem services 

(DMC1) in the mangrove, and a community committee to denounce non-compliance with the 

law to the government (DRC1) in the rainforest, all detailed in Fig. 1-4. 
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Fig. 1-4. Comparison between steady-state and change rate concepts by clamping each policy 

to 1 in the (a) páramo community, (b) mangrove communities and (c) rainforest community. 

The results in Fig. 1-4a showed that the policies identified in the páramo community 

as most crucial to reducing the natural water pollutants (EV1) are DAFIs, DPC1, DPE2, and DPE1, 

in decreasing order. In the mangrove community (Fig. 1-4b), the implementation of DAFIs 

could decrease human exposure to environmental pollutants (EV7) and increase access to safe 
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water, food and energy (SME2). In the rainforest community (Fig. 1-4c), the DAFIs have a 

positive impact on social well-being (S7), and environmental law violation (L2) can be faced 

with any of the four policies. 

The results revealed how combining locally adapted policies with artificial floating 

islands can directly contribute to achieving SDG target 6.3 (improving water quality) through 

fuzzy cognitive maps. Additionally, as pioneering work in the region, These results have the 

potential to be replicated in different communities in developing countries, where access to 

data is limited, but the motivation and knowledge of stakeholders exist. 

Stage 2: Assessing the environmental impacts of passive ecological restoration 

interventions versus no intervention on páramo communities 

We provided vital insights into the challenges and opportunities posed by the 

PESTEL framework in integrating passive ecological restoration at the headwaters of the 

important Andean river basins within páramo communities to address widespread land use 

changes and their impacts on water quality. According to the PESTEL analysis from the 

literature review, páramo transformations in the 20th century were mainly due to the 

expansion of large farms (haciendas) for camelid grazing and the development of water and 

electricity infrastructure in the Upper Pita River basin (UPitaRB). Meanwhile, in the Upper 

Cutuchi River basin (UCutuchiRB), the focus was on afforestation with Pinus species for 

timber production and agricultural and mining development.  

Several PESTEL factors guided by bottom-up management promoted policies, 

regulations, social agreements, and financial support in 1999 to achieve passive ecological 

restoration in UPitaRB between 2010 and 2017. Utilising remote sensing techniques and 

water quality assessment in UPitaRB, we found excellent drinking water quality and 73.4% 

of natural páramo conserved by 2022. Mainly, LULC changes from 2010 to 2017 showed an 

increase to 81.8% of natural páramo and a decrease to 3.0 % of open spaces with little or no 

vegetation, 1.6% of temporary crops, and 0.7% of forests (Fig 1-5b, c, and e). In addition, for 

our study period (1999-2022), the correlation analyses showed that temporary crops could be 
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the main land use class to predict high levels of faecal coliforms, total phosphorus, turbidity, 

and low dissolved oxygen levels in UPitaRB. 

 
Fig. 1-5. LULC changes in UPitaRB between 1999 and 2022. Unclassified = Areas of 

persistent cloud cover located near snow-capped mountains. 

 

Conversely, top-down management, characterised by national-level strategies, lacks 

the legal, economic, and political interconnections necessary for successful passive 

ecological restoration in páramo ecosystems. Without intervention, there is an expected 

decrease of approximately 30% in natural páramo, accompanied by an expansion of pine 

plantations linked to elevated total phosphorus levels in the basin. Hence, in UCutuchiRB, 
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by 2022, its water quality was marginal, and only 31.6% of the natural páramo remained 

(Fig. 1-6), along with non-native pine forests linked in the correlation to high levels of total 

phosphorus in the basin. Agricultural and mining activities also contribute to the deterioration 

of water source quality in this basin, making it challenging to rely solely on passive ecological 

restoration. 
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Fig. 1-6. LULC changes in UCutuchiRB between 1999 and 2022. Unclassified = Areas of 

persistent cloud cover located near snow-capped mountains. 
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This multi-method framework accurately identifies the PESTEL factors that 

successfully favour the implementation of passive ecological restoration, potentially 

contributing to multiple SDGs through sustainable and efficient use of natural resources 

(target 12.2; SDG 12) to reduce land degradation (target 15.3; SDG 15), restore aquatic 

ecosystems (target 6.6; SDG 6), and promote the conservation of mountain ecosystems 

(target 15.4; SDG15).  

Stage 3: Merging artificial floating islands with passive ecological restoration in páramo 

communities 

A novel framework was developed to show how combining AFIs and passive 

ecological restoration addresses the complexity of local community PESTEL factors 

influencing the sustainability of water ecosystem services. 

Workshop participants reported the main PESTEL challenges influencing the 

sustainability of water ecosystem services in the páramo communities. Thus, the 

sustainability of water ecosystem services is primarily affected by the lack of political will 

for strategies that sustain healthy aquatic ecosystems, insufficient financial support, urban-

centred environmental investment, and agricultural expansion regarding 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 (Fig. 1-7).  
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Fig. 1-7. NbS to sustain water ecosystem services embedded in the local communities’ 

PESTEL dimensions.  

I examined the network view maps of two specific NbS for the local communities: 

AFIs and passive river restoration. The terms macrophytes, water quality, restoration, and 

governance and their associated items caught the attention in the network view maps, 

s 
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respectively. By associating these terms and items, and supported by the literature review, 

the artificial floating islands were characterised as (A) macrophyte-based technology and (B) 

a cost-effective strategy for sustaining water ecosystem services, aligning with multiple 

PESTEL dimensions of the local communities (Fig. 1-7). In turn, passive ecological 

restoration complemented the PESTEL dimension that the AFI system 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 (Fig. 1-7). 

Artificial floating islands are a cost-effective macrophyte-based technology, 

adaptable to limited financial support, inclusive of community plant  knowledge, and 

beneficial for the health of aquatic ecosystems in both rural and urban landscapes.  They 

contribute directly to vital water ecosystem services such as irrigation water supply, fisheries, 

and aquaculture, as well as indirectly to water purification and maintaining populations and 

habitats. Meanwhile, passive ecological restoration complements them by promoting the 

natural regeneration of headwater vegetation and serving as a strategy for governing water 

ecosystem services through government-led land initiatives. Primarily, it contributes to 

sustaining drinking water sources and indirectly soil formation and composition and carbon 

sequestration. Additionally, enhancing aquatic ecosystems has an impact on 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 mobilising and sharing 

knowledge, expertise, technology, and financial resources to further the SDGs (Target 17.16, 

SDG 17) 
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Moreover, the lack of political will to maintain healthy aquatic ecosystems, the 

mismatches between data and technology, and regulations historically favouring large-scale 

agriculture in crucial aquatic ecosystems of the PESTEL dimensions of local communities 

extend beyond the artificial floating islands and passive ecological restoration (Fig.1-7). 

Since these challenges cannot be addressed by local community solutions alone, there is 

potential for future research to explore them in regional or national frameworks. 

 

1.6 Implications and Outlook  

I developed a novel framework contributing to more scientifically legitimate and 

publicly accountable decisions when designing NbS to achieve healthy aquatic ecosystems. 

This multi-method framework rigorously identifies the PESTEL factors influencing the 

implementation of artificial floating islands and passive ecological restoration as NbS in 

several local communities by synthesising diverse data sources and methodologies. 

I unveiled that artificial floating islands and passive ecological restoration address the 

complexity of local community PESTEL factors to contribute directly to SDG 6 and 

indirectly to several other SDGs. However, some PESTEL factors pose significant challenges 

for those NbS. For instance, a lack of political will to maintain healthy aquatic ecosystems,  

the mismatches between data and technology, and regulations historically favouring large-

scale agriculture in crucial aquatic ecosystems extend beyond the scope of these solutions. 

Given that local community solutions alone cannot address these challenges, future research 

could explore alternative strategies within regional or national frameworks. Additionally, the 

roles of climate change and local community involvement as catalysts for these NbS should 

be examined, specifically in developing-country communities, where these aspects have yet 

to influence these NbS initiatives. 

In particular, artificial floating islands require thoroughly exploring their combination 

with policies like reinforcing training and educational programs, demanding corporate 

environmental responsibility, implementing payment for ecosystem services, and organising 
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community committees to denounce non-compliance with the law. For passive ecological 

restoration, research should focus on high-elevation ecosystems across continents, often 

called water towers, to better understand its benefits and compare with results in páramo 

ecosystems. In addition, comparing the outcomes of bottom-up versus top-down 

management approaches in artificial floating islands and passive ecological initiatives will 

be crucial to determining the most effective management model. Recognising these aspects 

could enhance the contribution of these NbS to achieving more SDGs. Also, engaging local 

communities, such as indigenous people across several countries, could lead to understanding 

the impacts of aquatic ecosystem enhancement on indigenous cosmovision.  

Lastly, challenges related to limited data availability underscore the need for future 

research to strengthen these methods. Grey literature was incorporated into the PESTEL 

analysis due to the scarcity of peer-reviewed research on sustainable land and water 

management strategies. Similarly, limited LULC classifications have been performed in 

páramo ecosystems because they are typical cloud-prone regions that restrict data 

availability. Furthermore, given the absence of up-to-date official water quality monitoring 

stations, data collection relied on sources such as universities, local government agencies, 

and NGOs. While the results provide a valuable approximation of the environmental impacts 

of NbS, ongoing efforts to secure continuous, representative, and accurate datasets would 

enhance the validity of these findings. 
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Chapter II: Using fuzzy cognitive maps to promote nature-based solutions 

for water quality improvement in developing-country communities 

This chapter is published as: 

Fonseca, K., Espitia, E., Breuer, L., & Correa, A. (2022). Using fuzzy cognitive maps to 

promote nature-based solutions for water quality improvement in developing-country 

communities. Journal of Cleaner Production, 377, 134246. 

https://doi.org/10.1016/j.jclepro.2022.134246. 

 

Abstract 

An adequate strategy for water quality improvement must consider a range of political, 

economic, social, technological, environmental, and legal (PESTEL) concepts. Nature-based 

solutions have emerged as promising tools to improve water quality while considering these 

factors. In this context, fuzzy cognitive maps and the PESTEL approach have been merged 

to i) identify the principal concepts that affect water quality from different perspectives, and 

ii) theoretically explore the use of artificial floating islands as a measure of nature-based 

solution combined with different policies, to find strategies to improve water quality given 

local conditions. For this purpose, three Ecuadorian communities are used as scenarios. The 

communities are located in different geographical regions, i.e., páramo (an alpine tundra 

ecosystem), coastal mangrove, and tropical rainforest. From literature-based research, 40 

PESTEL concepts are identified, then local experts recognize relevant concepts related to 

water quality deterioration regarding local conditions, and the communities develop fully 

democratic social cognitive maps. The cognitive map from the páramo community is 

constructed with 17 concepts mainly driven by environment (23%) and economy (23%). The 

major problem identified is natural water pollutants with the highest centrality value 

(ci = 12.22). The mangrove community uses 19 concepts influenced by policy (48%), and the 

major issue is human exposure to environmental pollutants (c i = 16.27). The rainforest 

community uses 15 concepts related to the economy (40%), and the major problem is the 

violation of environmental legislation (ci = 15.96). Our pioneer work to predict the future of 

https://doi.org/10.1016/j.jclepro.2022.134246
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/water-quality-improvement
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geographical-region
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/paramo
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/alpine-tundra
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/paramo
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/water-pollutant
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water management shows that in the worst-case scenario, more than 85% of concepts are 

affected in all communities. However, the implementation of policy strategies in combination 

with artificial floating islands demonstrates a large potential for improving water quality. 

With this study, we provide a novel, inclusive, and locally adapted framework to guide future 

water management and contribute to achieving the Sustainable Development Goal SDG 6. 

2.1 Introduction 

Healthy aquatic ecosystems (e.g., rivers, lakes, coastal waters, mangroves) provide 

local communities with valuable ecosystem services ranging from food, biodiversity, energy, 

and water supply for consumption and recreation (Alam et al., 2017; Brown et al., 2021; 

Grizzetti et al., 2016). However, impaired water quality contributes to the general problem 

of water availability, threatening livelihoods and socio-economic growth (Beitl et al., 2019; 

Grigg, 2016). Absent or inadequate water management is linked to the presence of water-

related diseases such as cholera, diarrhea, dysentery, hepatitis A, typhoid, or polio (WHO, 

2019). Problems related to poor water quality are even more common in developing countries 

(UNICEF, 2020), which often face economic water scarcity due to political, social, 

institutional, or financial conditions (Gude, 2017). Under these circumstances, achieving 

target 6.3 of the Sustainable Development Goals (“By 2030, improve water quality by 

reducing pollution, eliminating dumping and minimizing release of hazardous chemicals and 

materials, halving the proportion of untreated wastewater and substantially increasing 

recycling and safe reuse globally”) represents a significant challenge for communities in 

developing countries which face water quality issues.  

A holistic strategy for water quality improvement must consider the macro-

environmental factors affecting its quality, and the engagement of multisectoral stakeholders 

involved in water management decisions (Ghaboulian Zare et al., 2022; Giordano et al., 2020; 

Grigg, 2016; Özesmi & Özesmi, 2004; Sansa et al., 2021; Wilson et al., 2018). The 

exploration of macro-environmental factors based on the political, economic, social, 

technological, ecological, and legal (PESTEL) concepts has gained increased attention in 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sustainable-development-goals
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recent years (Iacovidou & Zorpas, 2022). With an in-depth analysis, decision-makers can 

identify PESTEL concepts to be monitored as opportunities and threats in the implementation 

of new strategies (De Sousa & Castañeda-Ayarza, 2022) to solve water quality issues. 

Strengthening the links between humans and nature increase the affordability of clean 

water by implementing nature-based solutions, i.e., remediation methods that emulate natural 

processes. Among nature-based solution strategies, Artificial Floating Islands (AFIs) have 

proved to be efficient in improving water quality at low operational costs, low energy 

consumption, and with negligible environmental impact (Benvenuti et al., 2018; Fonseca, 

2021; Martelo & Borrero, 2012; Stewart et al., 2008). AFIs are composed of floating 

platforms that support the growth of sediment-rooted emergent wetland plants, macrophytes, 

microbes, and related ecological communities such as algae, biofilms, zooplankton, and small 

invertebrates (Colares et al., 2020; Yeh et al., 2015). By using AFIs, polluted aquatic 

ecosystems are restored as water passes beneath the floating mat through the following 

mechanisms: plant root uptake of metals and nutrients, biofilm development, extracellular 

enzyme release, contaminant settling, and binding, as well as suspended matter flocculation 

enhancement (Yeh et al., 2015). AFIs as a potential strategy in combination with water 

management policies are more feasible to implement in small, low-income communities, 

especially in developing countries where treatment infrastructure is inadequate or limited to 

large cities (ONU, 2018). Several studies (Kusin et al., 2019; Lu et al., 2015; Nuruzzaman et 

al., 2021; Stewart et al., 2008; Yeh et al., 2015) have demonstrated the potential of AFIs to 

clean polluted water from natural and anthropogenic sources in the communities within the 

scope of the aforementioned. However, there is a lack of experimental data (Colares et al., 

2020) and multidisciplinary studies that engage stakeholders and consider PESTEL concepts 

to design AFIs implementation for the improvement of water quality (Benvenuti et al., 2018; 

Fonseca et al., 2020; Negrete et al., 2019.; Yeh et al., 2015). Moreover, several AFIs projects 

face sustainability issues due to insufficient community engagement and multisectoral 

planning, limited funds and technical support (Watkins et al., 2017). 
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Fuzzy Cognitive Maps (FCMs) are tools to analyze complex systems from the 

perception of stakeholders. They can extract qualitative key information to support decision-

making in ecosystem management (Adriaenssens et al., 2004; Vergini & Groumpos, 2021). 

FCMs are based on human reasoning and linguistic approach to deal with vague, and 

uncertain data that are interpreted in fuzzy rule-based models. 

This study aims to develop a decision-making framework that identifies the principal 

concepts that affect water quality at the community level and explores the implementation of 

AFIs together with policy interventions to improve water quality. We implemented the 

framework in three Ecuadorian communities with diverse socio-cultural backgrounds and 

located at different geographical regions with different hydroclimatic and physiographic 

conditions. Yet they all share the common ground of water quality issues and that water and 

its associated ecosystem services provide livelihood, and food and also play a crucial role in 

family income generation (Calle et al., 2018; Delgado-Aguilar et al., 2017; García et al., 

2019a). Based on a FCM approach, we will answer the three following questions: (1) What 

are the PESTEL concepts related to water quality deterioration at the community level 

considering multi-sectoral stakeholder perceptions? (2) How can local water quality be 

improved if communities implement AFIs? (3) Which policies of the PESTEL concepts can 

be combined with AFIs to strengthen their effectiveness to improve water quality? 

2.2 Materials and Methods 

2.2.1 Study area  

This study analyses three communities in Ecuador (Fig. 2-1): Chilla Chico in the 

Cotopaxi province, located in the páramo of the Andes (Fig. 2-1a), Mogollon in the Guayas 

province, a community characterized by mangroves at the Pacific Coast (Fig. 2-1b), and 

Awayaku in the Napo province, situated in the Amazon rainforest region (Fig. 2-1c). 

Hereinafter referred to as the Páramo, Mangrove, and Rainforest community, respectively. 



 

28 

 

 

Fig. 2-1. Study area, (a) Chilla Chico community, (b) Mogollon community, (c) Awayaku 

community, (d) location of Ecuador in South America, and (e) location of the study 

communities (black dots) and respective provinces (red surfaces) in Ecuador. 

The Parámo community is home to approximately 1,900 low-income indigenous 

people who subsist on the farming of potatoes, corn, and beans at 3,000 m above sea level 

(m.a.s.l.) (Oña et al., 2021; Terán Cazar, 2017). In this area, the páramo ecosystem provides 

water mainly for human consumption and irrigation. However, pollutants have impaired the 

ecosystem, including the community irrigation ponds. These contaminants mainly include 

arsenic and other heavy metals from the Iliniza Volcanic Complex (Fonseca et al., 2020); 

nitrogen and phosphorus from livestock and fertilizer application; and fecal coliforms from 

the feces of all warm-blooded animals and humans (Fonseca & Clairand, 2018). 
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In the Mangrove community, 1,750 inhabitants largely depend on fishing along the 

Mogollon estuary bank, one of the most important tributaries of the Salado estuary 

(Hechavarría Hernández et al., 2018). The Salado estuary is characterized by extensive tidal 

bays within river mangroves that provide nursery habitat and feeding grounds for numerous 

species of fish, crustaceans, mollusks, and wading birds (Calle et al., 2018). High 

concentrations of heavy metals such as cadmium, copper, chromium, and lead (Fernández-

Cadena et al., 2014), fecal coliforms, and low dissolved oxygen content (Negrete et al., 2019) 

are present in these coastal estuarine systems due to the accelerated urban development in 

the last eight decades (Calle et al., 2018). 

The Rainforest community, is a small community of 700 indigenous people from the 

Kichwa Rukullacta group, located in the upper tributaries of the Napo River between 520 

and 1,240 m a.s.l.. The community integrates subsistence agriculture with tilapia and 

carachama fishing as the primary source of economic income (GADR San Pablo, 2015; 

Pueblo Kichwa de Rukullakta, 2018). In the Napo River, concentrations of cadmium, lead, 

copper, zinc, and mercury have increased, mainly due to legal and illegal small-scale mining, 

sewage discharges, fish farming, and non-functional landfills (Capparelli et al., 2020). 

All three communities are exposed to impaired water quality along the water-soil-

crop-food chain, but its potential impact on public health is unknown. Nevertheless, several 

diseases are linked to water contaminated with heavy metals and feces from untreated or 

inadequately treated sources (Qian et al., 2022). The main toxic effects of heavy metals on 

humans include nephrotoxicity, neurotoxicity, hepatotoxicity, skin toxicity, and 

cardiovascular toxicity (Mazumder, 2008; Mitra et al., 2022; Srivastava et al., 2012). 

Moreover, gastro-enteric epidemics caused by water contaminated with human and animal 

feces are a major health concern, not only due to considerable human morbidity and mortality 

but also because of alarming rate in the spread of drug-resistant bacteria (Some et al., 2021). 

In the three communities, interviews and workshops are held to build FCMs based on the 

perception of multi-sectorial stakeholders regarding water quality improvement. 
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2.2.2 Fuzzy cognitive maps 

The FCM approach is a semi-quantitative method that depicts expert knowledge, 

causal reasoning, and stakeholder perceptions by signed directed graphs (Gray et al., 2015; 

Moosavi et al., 2021; Santoro et al., 2019). By applying the principles of fuzzy logic and 

cognitive maps, different sources of knowledge can facilitate the decision-making processes 

(Shahvi et al., 2021). This knowledge is framed in three main steps forming the FCM 

approach: listing of concepts, drawing causal relationships among these concepts by 

cognitive maps, and estimating the fuzzy inference. 

• List of concepts 

The procedure first involves identifying concepts and then selecting the most 

important ones to include in the map. Different approaches can be used, such as selecting a 

list of preliminary concepts from the literature (Morone et al., 2021) or from meetings with 

experts (Özesmi & Özesmi, 2004). Subsequently, a close-ended survey is conducted to 

validate the concepts based on the opinion of the experts, who rate the level of connection 

between the concepts and the aim of the study using a unipolar Likert scale (Ghaboulian Zare 

et al., 2022; Morone et al., 2021). 

• Drawing of social cognitive maps 

The principal output of the FCM approach is a mental map, structured by nodes and 

bidirectional connections between nodes. Nodes are concepts, representing physical 

quantities or abstract ideas, while connections represent the influencing degree (Cij) of the 

cause of concept i on the effect concept j (Kosko, 1986). The stakeholders participating in 

the map construction decide when a connection exists by assigning a status value of concept 

represented as a number within [0, 1], and subsequently weights (wij) to concept pairs 

(between −1 and 1). When wij is positive, there is a positive influence of concept Ci on 

concept Cj. On the contrary, when wij is negative, there is a negative influence of concept Ci 

on concept Cj. When wij is equal to zero, it is assumed that there is no relationship between 
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concepts (Kosko, 1986). The degree of influence among the concepts is coded into an 

adjacency matrix (aij) (Chen & Chiu, 2021). This matrix is structured by three concept types 

(i.e., receiver, driver, and ordinary) that interact with each other. The receiver concepts accept 

input from others, being most influenced by others (Özesmi & Özesmi, 2004). The policy 

strategies or policy drivers are driver concepts in the FCM, ideal candidates to manipulate 

the system due to their nature of sending stimuli and not receiving incoming connections 

(Ghaboulian Zare et al., 2022; Gray et al., 2014; Morone et al., 2021; Solana-Gutiérrez et al., 

2017). Concepts with both driving and receiving features are called ordinary concepts (Gray 

et al., 2015; Özesmi & Özesmi, 2004). A large number of concepts and connections indicate 

a major degree of interaction between concepts in the cognitive map (Gray et al., 2014). 

Following the above guidelines, the stakeholders can build two types of cognitive maps: 

individual or social. According to Mourhir (2004) and Özesmi & Özesmi (2004) to build 

social cognitive map compared to the individual one, it consumes less time and resources, as 

it can be produced collaboratively by stakeholders in a workshop and facilitates social 

learning. 

One way to evaluate the complexity of a FCM model is by using graph theory indices 

(e.g., density, hierarchy index, outdegree, indegree, centrality) that are used to analyze the 

concept contribution in the cognitive map.The number of concepts (N) and connections (C) 

represent the density of the map (D) (Nikas et al., 2019). When the stakeholders identify a 

large number of causal relationships among concepts, the density of the map (Eq. 1) is high 

(Blacketer et al., 2021; Özesmi & Özesmi, 2004; Shahvi et al., 2021).  

 𝐷 =
𝐶

𝑁(𝑁 − 1)
 

(1) 

The hierarchy index (h) represents a democratic or hierarchical map. When the 

hierarchy index (Eq. 2) is equal to 1, the map is fully hierarchical. On the contrary, when h 

is equal to 0, the system is fully democratic (Mourhir, 2021; Özesmi & Özesmi, 2004). 
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ℎ =
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(𝑁 − 1)𝑁(𝑁 + 1)
∑ [

𝑜𝑑(𝑣𝑖 ) − (∑ 𝑜𝑑(𝑣𝑖 ))

𝑁
]

2

𝑖

 

(2) 

The outdegree indice 𝑜𝑑(𝑣𝑖 ) (Eq. 3) corresponds to the row sum of absolute values v 

of a concept i. It describes the cumulative strengths of connections (aij) leaving the concepts. 

  

𝑜𝑑(𝑣𝑖 ) = ∑|𝑎𝑖𝑘|

𝑁

𝑘=1

 
(3) 

The indegree indice 𝑖𝑑(𝑣𝑖 ) (Eq. 4) is calculated as the sum of the absolute weights of 

the incoming FCM graph edges.  

 𝑖𝑑(𝑣𝑖 ) = ∑|𝑎𝑘𝑖 |

𝑁

𝑘=1

 
(4) 

A high value of 𝑜𝑑(𝑣𝑖 ) and zero of 𝑖𝑑(𝑣𝑖 ) classifies the concept as a driver, while a 

high value of 𝑖𝑑(𝑣𝑖 ) and zero of 𝑜𝑑(𝑣𝑖 ) classifies the concept as a receiver (Özesmi & 

Özesmi, 2004; Solana-Gutiérrez et al., 2017). The outdegree and indegree together describe 

the centrality (ci) of the system (Eq. 5), which represents the overall importance of a given 

concept in the causal flow of the cognitive map (Ghaboulian Zare et al., 2022; Nikas et al., 

2019; Özesmi & Özesmi, 2004; Schiavon et al., 2021). 

 
𝑐𝑖 = 𝑡𝑑(𝑣𝑖 ) = 𝑜𝑑(𝑣𝑖) + 𝑖𝑑(𝑣𝑖 ) (5) 

• Fuzzy inference 

The fuzzy inference system involves three stages i.e., the natural dynamic simulation, 

worst-case scenario and scenarios with policy drivers (Gray et al., 2015). In the natural 

dynamic simulation, the receiver and ordinal concepts are activated (0 means no-activate and 

1 means activate) to predict a scenario without external influences, known as the steady-state 

(Eq. 6) (Adriaenssens et al., 2004). Based on the collective stakeholder knowledge, each 

activated Concept contributes its weight to activate its descendent, interacting with each other 
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(Solana-Gutiérrez et al., 2017). That means a steady-state snapshot of how the concepts and 

linkages of the system, given the current structure, would be resolved in the absence of 

change or intervention, at different periods (Chen & Chiu, 2021; Kosko, 1986; Lopolito et 

al., 2020). 

 

 

𝐴𝑖
𝑡+1 = 𝑓 (∑ 𝐴𝑗

𝑡

𝑛

𝑗=1

. 𝑊𝑗𝑖 ) 
(6) 

That is, 𝐴𝑖
𝑡 is the status value of concept Ci at period t; 𝐴𝑗

𝑡 is the status value of concept 

Cj at period t; 𝐴𝑖
𝑡+1 is the status value of concept Ci at period t+1; 𝑊𝑗𝑖  is the corresponding 

fuzzy relation degree between Cj and Ci; and 𝑓 is a sigmoid threshold function (Eq. 7). 

 
𝑓(𝑥) =

1

1 + 𝑒−𝜆𝑥
 (7) 

Specifically, 𝜆> 0 determines its steepness (Vergini & Groumpos, 2021; Xiao et al., 

2012). The sigmoid function transforms the status value of each node into the interval [0, 1] 

at each iteration (Chen & Chiu, 2021), providing non-negative values that are easy to 

compare and allow to reach steady-state scenario (Lopolito et al., 2020). 

In the second stage, a worst-case scenario is estimated in which the concept with the 

highest centrality value (Eq. 5) is clamped to a maximum value of 1 (Eq. (6) and Eq. (7)) to 

understand its influence on the others. The outcome of this scenario is compared with the 

steady-state to understand the relative changes (Gray et al., 2015). 

Finally, the third stage determines what may result if drivers concepts or policy 

drivers are implemented. A similar procedure to the one described in the previous step is 

followed. The only difference is that the policy drivers are now set at their maximum value 

(1) (Morone et al., 2021). The policy effect is assessed by calculating the difference of the 

policy intervention and the steady-state scenarios. 



 

34 

 

2.2.3 Implementation of the FCM approach in the communities 

Following the steps described in section 2.2, the FCMs were co-created with the 

communities. A flowchart for its implementation is presented in Fig. 2-2. 
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Fig. 2-2. Flowchart to build FCMs as a decision-making framework to improve water quality 

at community level. NbS = nature-based solutions. 

Step 1: identification of the main concepts affecting water quality and policy drivers 

A literature review was conducted (Morone et al., 2021). We selected receiver and 

ordinary concepts related to water quality issues under the PESTEL approach, and a driver 

concept based on nature-based solutions to improve the water quality. We used various 

databases (Scopus, ScienceDirect, SpringerLink, Web of Science) to search for terms that 

include a combination of keywords related to water pollution, water management-

governance, water and SDGs, water treatment technology, water economy, and water users. 

Studies were included in the review if they fullfiled the following criteria: are written 

in English to focus on the literature of international impact; are studies from 2000 to 2022, 

i.e., since the term water governance first appeared concerning the range of political, social, 

economic, and administrative systems (Baumgartner & Pahl-Wostl, 2013); and investigate 

the link between water deterioration and PESTEL approach. Initially, 50 research papers 

were identified with these criteria, based on the title and abstract. Subsequently, the papers 

were examined to extract concepts related to our study goal. Tweenty two papers met this 

purpose (Table 2-1). 

Table 2-1. PESTEL concepts and policy drivers, extracted from literature review. 

Political (P) 

Concepts Id Studies 

Environmental education focused on key 

ecosystems 
P1 (Sarkar et al., 2007) 

Land use planning P2 (Gyawali et al., 2013) 

Decision-makers without adequate training P3 (Apostolaki et al., 2019) 

Short-term environmental projects without 

results 
P4 

(San Llorente Capdevila et al., 

2020) 

Few legitimate conservation policies for 

key ecosystems 
P5 (Rahm et al., 2013) 

Experts in decision making P6 
(San Llorente Capdevila et al., 

2020) 

Initiatives to accelerate progress on the 

SDGs  
P7 (Alcamo, 2019) 

Strong institutions P8 (Davies & Mazumder, 2003) 
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Economic (EC) 

Concepts Id Studies 

Fish production EC1 (Pulford et al., 2017) 

Food Security EC2 (Grigg, 2016) 

Costly treatments of water EC3 (Pilon-Smits, 2005) 

Inhabitants incur medical costs EC4 (Grigg, 2016) 

Water demand for economic activities: 

crop and fishing 
EC5 (Gyawali et al., 2013) 

Support to sustainable productive projects  EC6 (D. Li et al., 2021) 

Economic growth EC7 (Brockwell et al., 2021) 

Water quality for food production EC8 (Pulford et al., 2017) 

Social (S) 

Concepts Id Studies 

Stakeholders involvement S1 (Wilson et al., 2018) 

Population growth S2 (Brockwell et al., 2021) 

Lack of community cohesion S3 (Wilson et al., 2018) 

Persistent equity issue S4 (Grigg, 2016) 

Poverty rate  S5 (Grigg, 2016) 

Sustainable communities S6 (Davies & Mazumder, 2003) 

Social well-being S7 (Brockwell et al., 2021) 

Achieve gender equality S8 (Anderson et al., 2021) 

Technological (T) 

Concepts Id Studies 

Alternative water technology T1 (Sarkar et al., 2007) 

Local development technology T2 (Rolfe & Harvey, 2017) 

Innovation in the water sector  T3 (Nyiwul, 2021) 

Environmental (EV) 

Concepts Id Studies 

Natural water pollutants EV1 (Samal et al., 2011) 

Anthropogenic water pollutants EV2 (Oladipo et al., 2021) 

Climate change  EV3 (Moosavi et al., 2021) 

Waterbody restoration EV4 (Moosavi et al., 2021) 

Conventional treatments EV5 (Sarkar et al., 2007) 

Ecosystem conservation EV6 (Brockwell et al., 2021) 

Human exposure to environmental 

pollutants 
EV7 (Hartmann et al., 2018) 

Safe water EV8 (Maurice et al., 2019) 

Legal (L) 

Concepts Id Studies 

Right to live in a healthy environment L1   

Environmental law violation  L2 (Wilson et al., 2018) 
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Legal actions by users L3 (Maurice et al., 2019) 

Water governance crisis L4 (Rolfe & Harvey, 2017) 

Dissemination of water laws to 

communities 
L5 (Wilson et al. 2018) 

Policy driver (D) 

Concepts Id Studies 

Artificial Floating Island DAFIs (Yeh et al. 2015) 

We identified 40 initial concepts and the community experts validate their PESTEL 

linkage according to the local situation of each community. The group of local experts 

(Appendix A) was chosen based on their knowledge and influence in water management and 

decision making. They invited other specialists following the snowball sampling approach. 

Thus, the final number of experts was 10 in páramo and mangrove, respectively, and 8 in the 

rainforest community. Socialization meetings were held face-to-face or in remote mode to 

explain the objective and steps of the methodology (Fig. 2-2). After that, closed-ended 

surveys were sent to the 28 experts to answer the question: Which of the 40 concepts do you 

think is definitely connected when considering the deterioration of water quality according 

to water use (agriculture and aquaculture, respectively)? Using a score unipolar Likert scale 

5-point (i.e. from 5 = definitely connected to 1 = definitely NOT connected). In addition, 

experts were asked to add missing concepts and policy drivers to improve water quality. 

Concepts and policy drivers added by experts were coded according to the community: 

páramo (P), mangrove (M), and rainforest (R), plus (E) for experts and the number to which 

it belongs in the PESTEL table. Finally, to identify the representative concepts based on the 

experts’ opinions, we conducted an exploratory analysis of the survey responses by assessing 

the frequency and standard deviation of responses. The concepts with the highest averages 

and the lowest standard deviations were selected, to reflect the highest degree of connection 

among the opinions of the experts. 

To include the perception of the local communities, three workshops were held in 

December 2021, one in each community with the participation of 10 people. In the 

workshops, the concepts and policy drivers defined by the experts were debated in a fully 



 

38 

 

democratic and participative atmosphere. In the first part of the workshop, each concept and 

driver policy (DAFIs) were explained and posted on the wall for the community to remember 

as the build the FCMs. Besides, local communities added the missing concepts and policy 

drivers according to their perception, which were coded in the same way as for experts, with 

the only difference being the letter (C) for communities. 

Step 2: Drawing of Social Cognitive Maps 

The instructions to draw the social cognitive maps were explained to the local 

communities by video. The community received a sheet of paper with the predefined 

concepts (ordinary and receiver) printed at random and asked to rate the degree of cause-

effect influence of the concepts. The rating was performed using arrows and rating the degree 

of influence between these connections using expressions via a 6-degree scale, ranging from 

-3 (strong negative) to +3 (strong positive) (Nyaki et al., 2014). To end, the group average 

perception was assessed (Gray et al., 2014). Finally, the cognitive maps provided by the 

communities were converted into adjacency matrices (Özesmi & Özesmi, 2004) to analyses 

indices of graph theory (Eq. 1-5) (Mourhir, 2021) using the FCMapper software (available: 

http://www.fcmappers.net/joomla/). 

Step 3: Fuzzy inference 

Using the calculation algorithm presented in Eq. (6) and (7) (FCMapper), the model 

was run to get the steady-state and make a comparison with the worst-case and policy 

intervention scenarios. In the first stage, the worst case scenario represents the maximum 

influence of the main concept that affect water quality at the community level on the other 

PESTEL concepts. For the second stage, the communities were asked to score policy drivers 

(via a 6-degree scale as step 2) to understand how they might mitigate unwanted outcomes. 

In this policy intervention scenario, the drivers were introduced individually i.e., the drivers 

were set to 0 except the selected one, to isolate and assess the role of each policy driver on 

the community model. The value for the simulated scenario was set to 1, urging the system 

http://www.fcmappers.net/joomla/
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to fully adopt the policy measure implemented (Morone et al., 2021). Finally, the policy 

effect was calculated using the difference between the steady-state and each policy 

intervention. 

2.3 Results 

2.3.1 Identification of the main concepts affecting water quality 

• Páramo community 

The community experts chose 14 out of 40 initial concepts PESTEL, then added two 

new ones, and the community added one concept (Table 2-2a) . In total 17 concepts related 

to political 18%, environmental 23%, social 18%, technological 0%, economic 23%, and 

legal 18% factors (Fig. 2-6a). The community identified as the most influential concept, i.e., 

with the highest centrality value EV1 (ci = 12.22) natural water pollutants (Table 2-2a). The 

community linked the presence of EV1 mainly as a cause of the decline of S7 ( -1), and 

increase of EC3 (+1) (Fig. 2-3). The impact of EV1 on the other concepts is relatively minor 

(Fig. 2-3). Concerning the highest outdegree of the model, P3: Decision-makers without 

adequate training (od = 10.25), reveal a strong influence on other concepts; however, our 

focus is on the centrality value as it controls the dynamics of the whole community model.  

In addition, table 2-2a shows that EC3: Costly treatments of water, EC5:Water demand for 

economic activities: crop, L3: Legal actions by users, and L4: Water governance crisis have 

the highest steady-state value; nonetheless, their outdegrees are lower as well as influence on 

the model. The most influenced concepts, determined via indegree scores, are L3: Legal 

actions by users and EC7: Economic growth, in decreasing order. 
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Fig. 2-3. The main problem and its impact on PESTEL concepts identifed in the social 

cognitive map by the páramo community (full map in appendix B(1)) .Blue lines represent 

positive influence of concept Ci on concept Cj, and orange lines represent a negative 

influence of concept Ci on concept Cj. Line thickness indicates the degree of influence 

between components. 

• Mangrove community 

The experts chose 11 out of 40 PESTEL and added seven new concepts, and the 

community one (Table 2-2b). Hence, the model is composed of overall 19 concepts which 

can be grouped as political 48%, environmental 21%, social 21%, technological 0%, 

economic 21%, and legal 5% (Fig. 2-6b). The community identifyed the major water quality 

issue in view of human exposure to environmental pollutants EV7 (ci=16.27) which belongs 

to the environmental concept group (Table 2-2b). The community connected the EV7 concept 

primarily as a cause of the decline of EC8 (-1), and increase EC4 (+1) (Fig. 2-4). The impact 

of EV7 on the other concepts is relatively minor (Fig. 2-4). Moreover, in table 2-2a, EV5: 

Conventional treatments has the highest outdegree value (od = 9.93); however, the concept 

is not perceived as the most important in the model i.e., it has a lower centrality value than 

EV7. Also, EC3: Costly treatments of water and EC4: Inhabitants incur medical costs have 

the highest steady-state value, but the low outdegrees indicate a slight influence on the model. 

Finally, the community perceived as the most affected concepts, regarding indegree score, 
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S7: Social well-being, EC4: Inhabitants incur medical cost, and EVE9: Waste disposal 

problems.  

Fig. 2-4. The main problem and its impact on PESTEL concepts identifed in the social 

cognitive map by the Mangrove community (full map in appendix B (2)). Blue lines represent 

positive influence of concept Ci on concept Cj, and orange lines represent a negative influence 

of concept Ci on concept Cj. Line thickness indicates the degree of influence between 

components. 

• Rainforest community  

The experts selected 13 out of 40 PESTEL concepts and add one more. The 

community proposed an additional one (Table 2-2c). The model consists of 15 concepts, split 

into political 0%, environmental 26%, social 20%, technological 7%, economic 40%, and 

legal 7% concepts (Fig. 2-6c). The community connected L2 with a high impact on EV7 (+1), 

and a decrease in EV6 (-1) (Fig. 2-5). The impact of L2 on the other concepts is relatively 

minor (Fig. 2-5). The community identified (L2) as being most relevant from the perspective 

of centrality, outdegree, and steady-state value (ci = 15.96, od = 9.3, and steady-state = 1), 

and S7: Social well-being is perceived, regarding indegree score, as the concept most affected 

(Table 2-2c). 
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Fig. 2-5. The main problem and its impact on PESTEL concepts identifed in the social 

cognitive map by the Rainforest community (full map in appendix B (3)). Blue lines represent 

positive influence of concept Ci on concept Cj, and orange lines represent a negative influence 

of concept Ci on concept Cj. Line thickness indicates the degree of influence between 

components. 

 

Fig. 2-6. Concepts from PESTEL perspective in the (a) páramo community (b) mangrove 

communities and (c) rainforest community. 
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Table 2-2. PESTEL concepts and policy drivers with their outdegree, indegree, centrality, steady-state value and type identified for the (a) páramo, 

(b) mangrove, and (c) rainforest communities. In addition to the existing 40 PESTEL concepts, further concepts for the six PESTEL factors P, EV, S, 

EC L and D are added for each community páramo (P), mangrove (M) and rainforst (R) by either experts (E) or communities (C). For example: EVPC1 

is an additional concept for the environmental factor in the páramos identified by the community. DAFIs is the policy driver  

(a) Páramo community 

PESTEL Concepts Outdegree Indegree Centrality 
Steady-state 

value 
Type  

Political 

P3: Decision-makers without adequate training 10.25 1.00 11.25 0.87 Ordinary  

P4: Short-term environmental projects without results 9.33 2.66 11.99 0.97 Ordinary  

P5: Few legitimate conservation policies for key ecosystems 4.76 1.99 6.75 0.92 Ordinary  

Environmental 

EV1: Natural water pollutants 8.00 4.22 12.22 0.99 Ordinary  

EV2: Anthropogenic water pollutants 5.27 4.48 9.75 0.99 Ordinary  

EV3: Climate change  3.78 2.82 6.60 0.96 Ordinary  

EVPC1: Landslides 2.21 3.62 5.83 0.98 Ordinary  

Social 

S2: Population growth 3.40 1.13 4.53 0.40 Ordinary  

S3: Lack of community cohesion 4.28 1.25 5.53 0.89 Ordinary  

S7: Social well-being 1.33 8.49 9.82 0.00 Ordinary  

Economic 

EC3: Costly treatments of water 1.33 9.02 10.35 1.00 Ordinary  

EC5: Water demand for economic activities: crop 3.90 4.85 8.75 1.00 Ordinary  

EC7: Economic growth 0.00 6.31 6.31 0.00 Receiver 

ECPE1: Increased agriculture in páramo 6.46 1.98 8.44 0.93 Ordinary  

Legal 

L3: Legal actions by users 0.00 8.35 8.35 1.00 Receiver 

L4: Water governance crisis 3.69 7.10 10.79 1.00 Ordinary  

LPE1: Laws that contradict each other 2.99 1.71 4.70 0.92 Ordinary  

Policy drivers 

DAFIs: Artificial floating islands 12.18 0 12.18 0 Driver  

DPE1: Positive political influence of community leaders  8.20 0 8.20 0 Driver 

D PE2: Government institutions specialized in water issues  11.38 0 11.38 0 Driver 

D PC1: Reinforce training in environmental education 9.07 0 9.07 0 Driver 

 

Table 2-2 Continued 
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(b) Mangrove community 

PESTEL Concepts Outdegree Indegree Centrality Steady-state value Type  

Political 
PME1: Absence of water pollution control by 
government 

6.63 1.98 8.61 0.92 Ordinary  

Environmental 

EV2: Anthropogenic water pollutants 8.63 6.00 14.63 0.66 Ordinary  

EV4: Waterbody restoration 4.31 8.66 12.97 0.00 Ordinary  

EV5:Conventional treatments 9.93 1.00 10.93 0.64 Ordinary  

EV6: Ecosystem conservation: Mangrove 4.33 7.13 11.46 0.02 Ordinary  

EV7: Human exposure to environmental pollutants 7.00 9.27 16.27 0.98 Ordinary  

EVME1: Water contamination from mining, oil, and 
aquaculture activities 

9.26 1.66 10.92 0.67 Ordinary  

EVME2: Waste disposal problems 0.00 3.00 3.00 0.97 Receiver 

EVME3: Poor waste management by the 
municipality 

6.77 5.20 11.97 0.94 Ordinary  

EVMC1: Mangrove habitat lose 8.26 0.66 8.92 0.74 Ordinary  

Social 

S2: Population growth 6.66 4.77 11.43 0.08 Ordinary  

S7: Social well-being 0.00 11.33 11.33 0.00 Receiver 

SME1: Irregular settlement in mangrove zones 7.96 1.00 8.96 0.83 Ordinary  

SME2: Access to safe water, food and energy 4.87 8.66 13.53 0.01 Ordinary  

Economic 

EC3: Costly treatments of water 5.32 8.04 13.36 1.00 Ordinary  

EC4: Inhabitants incur medical costs 0.00 10.56 10.56 1.00 Receiver 

EC8: Water quality for food production 4.93 8.66 13.59 0.01 Ordinary  

ECME1: Lack of a sewer system  7.09 4.78 11.87 0.99 Ordinary  

Legal L2: Environmental law violation  6.56 6.15 12.71 0.98 Ordinary  

Policy drivers 

DAFIs: Artificial floating islands 10.29 0 10.29 0 Driver  

DME1: Corporate environmental responsibility 8.13 0 8.13 0 Driver 

DME2: Education in promoting environmental 
awareness 

6.91 0 6.91 0 
Driver 

DMC1: Payment for ecosystem services 7.74 0 7.74 0 Driver 
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(c) Rainforest community 

PESTEL Concepts Outdegree Indegree Centrality Steady-state value Type 

Environmental 

EV2: Anthropogenic water pollutants 8.66 6.12 14.78 0.99 Ordinary 

EV3: Climate change  0.33 2.16 2.49 0.73 Ordinary 

EV6: Ecosystem conservation 5.26 6.77 12.03 0.02 Ordinary 

EV7: Human exposure to environmental pollutants 5.99 6.39 12.38 0.97 Ordinary 

Social 

S2: Population growth 6.13 2.31 8.44 0.40 Ordinary 

S7: Social well-being 0.00 7.01 7.01 0.01 Receiver 

SRC1: Lack of environmental education 6.32 1.95 8.27 0.69 Ordinary 

Technological T1: Alternative water technology 5.56 5.49 11.05 0.01 Ordinary 

Economic 

EC1: Fish production 5.25 5.26 10.51 0.08 Ordinary 

EC2: Food Security 2.39 5.02 7.41 0.14 Ordinary 

EC3: Costly treatments of water 5.14 8.00 13.14 0.94 Ordinary 

EC4: Inhabitants incur medical costs 2.82 2.72 5.54 0.90 Ordinary 

EC8: Water quality for fishing production 3.75 6.27 10.02 0.02 Ordinary 

ECRE1: Low purchasing power 8.82 3.61 12.43 0.93 Ordinary 

Legal L2: Environmental law violation  9.31 6.65 15.96 1.00 Ordinary 

Policy drivers 

DAFIs: Artificial floating islands 10.48 0 10.48 0 Driver  

DRE1: Better educational level of community members 7.62 0 7.62 0 Driver 

DRE2: Environmental education programs 7.61 0 7.61 0 Driver 

DRC1: Community committee to denounce non-compliance with the law to the 
government. 

7.52 0 7.52 0 
Driver 

 

Table 2-2 Continued 
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2.3.2 Identification of the main policy drivers to improve water quality 

We proposed DAFIs as a nature-based solution to remove contaminants and therefore 

improve the water quality in the three communities. Local experts suggested two additional 

policy drivers and the community one, this is described in Table 2-2 (a), (b), and (c). Thus, 

the most influential drivers according to outdegree scores were in three communities the DAFIs, 

followed by DPE2: Government institutions specialized in water issues for the páramo 

community (od = 11.38); DME1: Corporate environmental responsibility for the mangrove 

community (od = 8.13), and DRE1: Better educational level of community members in the rainforest 

community (od = 7.62). 

2.3.3 Analysis of drawn social cognitive maps 

In all communities, the majority of identified concepts are ordinary, and only four are 

policy drivers. The mangrove community listed a slightly higher number of concepts in 

relation to the other communities, which indicates a larger amount of problems. Meanwhile, 

the rainforest community identified a higher number of connections that show a better 

interaction between concepts. A hierarchy index h of 0.35, 0.40, and 0.40 for the Páramo, 

Mangrove, and Rainforest community, respectively, depict that the developed maps are fully 

democratic. According to the density (D) ranging between 0.3 and 0.5, participants did not 

identify a large number of causal relationships among the concepts (Table 2-3). 

 

Table 2-3. Analysis of social cognitive maps from graph theory. 

 

Páramo 

community  

Mangrove 

community  

Rainforest 

community  

No. of concepts (N) 17 19 15 

No. of connections (C) 91 123 103 

No. of receiver concepts 2 3 1 

No. of ordinary concepts 15 16 14 

Number of policy drivers 

(driver concepts) 
4 4 4 

Hierarchy index (h) 0.35 0.40 0.40 

Density (D) 0.31 0.35 0.46 
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2.3.4 Fuzzy inference: Comparison between steady-state and simulated worst-case 

scenario 

To better understand how PESTEL concepts might respond to a change without 

policies, the most influential concepts, i.e. the concepts with high centrality value were set as 

high (=1) (Appendix C). At the moment that the concepts EV1 in Páramo, EV7 in Mangrove, 

and L2 in Rainforest were set to 1, the remaining concepts were affected by 89%, 90% and 

87.5%, respectively. Besides, in the communities, different levels of alteration were 

identified in population growth (S2), anthropogenic water pollutants (EV2), and social well-

being (S7). In the Páramo and Mangrove communities, S2 shows a moderate decrease, where 

the zones are most populated, while for Rainforest community shows a weak decrease. In 

relation to EV2 the decrease is very weak in the Páramo community because the main problem 

in the area is natural contamination, and a very weak increase in the Rainforest if the violation 

of the law persists. In the Mangrove, there is a decrease, as it is taken into account only from 

the perspective of contamination towards humans and not from the environmental factor.  

Finally, S7 shows a weak decrease in the three communities (Fig. 2-7). 

 

2.3.5 Fuzzy inference: Comparison between steady-state and DAFIs with additional 

policies 

The impact of the DAFIs and the other drivers policy in the communities were 

examined in isolation in the fuzzy inference estimation of step 2 of the FCM approach 

(Appendix D).  

The results depicted in Fig. 2-8a. show that the policies identified in páramo 

community as most important to reduce the natural water pollutants (EV1) are DAFIs, DPC1, 

DPE2, and DPE1, in decreasing order. In addition, considering that water plays a rol in the 

economic income of farming families, the policies DAFIs and DPE2 could improve the water 

quality as well as crops quality and contribute the economic growth (EC7). In the Mangrove 

community (Fig. 2-8b), the implementation of DAFIs could decrease the human exposure to 

environmental pollutants (EV7), and increase the access to safe water, food and energy 
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(SME2). In the Rainforest community (Fig. 2-8c), the DAFIs has positive impact on social well-

being (S7), and environmental law violation (L2) can be faced with any of the 4 policies. 

 

Fig. 2-7. Results of the worst-case scenario for the páramo community, mangrove 

communities and rainforest communities. Results are only shown for concepts with moderate 

to strong changes and which have been proposed for all three communities. Information on 

all concepts is given in appendices C and D. Numbers at bars indicate the absolute number 

of concepts identified. 
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Fig. 2-8. Comparison between steady-state and change rate concepts by clamping each policy 

to 1 in the (a) páramo community (b) mangrove communities and (c) rainforest community. 

2.4 Discussion 

We co-designed together with local experts and community members from three 

communities in Ecuador, a decision-making framework to identify what affect water quality, 

and potential strategies and policies to improve its condition. Furthermore, we developed an 
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explanatory model that analyses the current status and simulates future water quality 

scenarios.  

Common issues in developing countries are the limited number of scientific studies 

that identify strategies to improve water quality. In addition, water quality data is often not 

available because it is either limited in public access or expensive to measure (Özesmi & 

Özesmi, 2004). FCMs offer an alternative approach to develop strategies to improve the 

water management, through a formal assessment of linguistic data (Adriaenssens et al., 

2004). 

To obtain reliable FCMs the participation of local experts that share experience and 

knowledge of the system under consideration is essential. These can include specialists from 

governmental organizations, non-governmental organizations (NGOs), universities, 

consultants, and communities (Blacketer et al., 2021; Ghaboulian Zare et al., 2022; Giordano 

et al., 2020; Gray et al., 2015; Morone et al., 2021; Mourhir, 2021; Santoro et al., 2019). For 

example, the study of Giordano et al. (2020) considers several stakeholders in the process of 

designing and implementing nature-based solutions as a key driver for enhancing community 

involvement and institutional cooperation. Regarding the number of experts to be consulted, 

we involved more than eight per community, satisfactorily meeting recommendations of 

seven to 15 participants reported elsewhere (Gómez Martín et al., 2020; Videira et al., 2014). 

Building democratic FCMs requires recognition of local problems and solutions to improve 

water quality from the perspectives of the local experts and community members. For the 

Páramo community, where economic and environmental concepts were identified as critical 

influencers, the water is a strategic, economic, and political resource, being therefore its 

access and management a source of conflict, and power (Pila, 2018). Many rural and 

indigenous communities in Cotopaxi face socio-economic problems such as high poverty 

rates, water scarcity, lack of access to irrigation, and unequal distribution of land and water  

(Partridge, 2016). These factors have determined, as in other Andean communities, to use the 

ecosystem as a natural resource and capital for family sustenance (United Nations 

Development Programme (UNDP), 2021). The páramo ecosystem itself has been used for 
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thousands of years for different human activities, facing unprecedented anthropogenic 

pressures (Correa et al., 2020). The need to generate income through activities such as 

cultivation, intensification of livestock grazing, Pinus plantations, clearing activities, and 

tourism, may significantly alter the hydrological processes of the páramo ecosystem, 

affecting directly the water supply function (Buytaert et al., 2006; García et al., 2020a).   

Regarding the main problem recognized by locals (centrality index), the people from the 

Páramo community identified natural water pollutants. The presence of As with Fe is 

widespread from natural geological origins in multiple zones of Cotopaxi (Bundschuh et al., 

2021; Morales-Simfors et al., 2019), confirming what the locals perceive. In addition, the 

community linked the presence of natural pollutants mainly as a cause of declining social 

well being (-1), similar to finding in Bundschuh et al. (2021), and increase water treatment 

costs (+1) as stated in Joseph et al. (2019) (Fig. 2-3).  

In our findings from the Mangrove comunity, the political influence is critical on the 

water quality. In the same line, Beitl et al. (2019) highlight that the mangrove ecosystem in 

Ecuador has been undervalued and converted to other uses by ineffective policies. The results 

obtained in the study of Pazmiño Manrique et al. (2018) indicate that the management of 

marine areas, including mangrove, was not well-positioned within the Ecuadorian political 

agenda. Its management model is confusing and its implementation is slow and yields poor 

results In the Mangrove community human exposure to environmental pollutants was the key 

identified problem which has a major impact on the medical expenses of the inhabitants (+1), 

and decrease the water quality for food production (-1) (Fig. 2-4). In water,  exposure to 

heavy metal(loid)s through ingestion of tap water and incidental ingestion of surface water, 

results in unacceptable risk levels (carcinogenic and non-carcinogenic ) for human health in 

adults and children in contaminated areas on the Ecuadorian coast (Jiménez-Oyola et al., 

2021). In food, concentrations of cadmium and mercury above the limits considered safe for 

human consumption established by the European Union have been found in yellowfin tuna 

caught off the Ecuadorian coast (Araújo & Cedeño-Macias, 2016). In the same line, 

Fernández-Cadena et al., (2014) reported the presence of several metals (Cd, Cu, Cr, and Pb), 
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and Calle (2018) concentrations of total mercury (THg), which exceeded the permissible 

level by Ecuadorian legislation (Asamblea Nacional, 2014) in the Salado estuary. This, due 

to urban sprawl, industrial growing of Guayaquil city and inefficient water management 

practices (Calle et al., 2018; Vinueza et al., 2021). Some of these elements can bioaccumulate 

and possibly biomagnify throughout the food web, being potential risks to human health 

(Calle et al., 2018). 

The Rainforest community perceives the economic concept as an important concept 

influencing water quality, which is confirmed by different studies (Cammelli et al., 2020; 

Garrett et al., 2017) that state that the majority of the people residing in forested regions 

remain impoverished due to environmental degradation and low-income. Therefore, the 

increasing pressure on land use over the last decades can be responsible for leaving water 

reservoirs unprotected, resulting in a runoff of pollutants and nutrients into such reservoirs 

and increasing the water treatment costs, as shown by Danelon et al. (2021) for the Brazilian 

case, including the Amazon forest. Finally, in the Rainforest community, the violation of 

environmental legislation (Buccina et al., 2013) was the most influential problem, and has a 

high impact on human exposure to environmental pollutants (+1) and a decrese in ecosystem 

conservation (-1) (Fig. 2-5). A large majority of people living in the Amazon region have no 

access to drinking water distribution systems and collects water from rain, wells , or small 

stream (Maurice et al., 2019). The lack of access to good quality water violates the 

inhabitant’s right to live in a healthy environment according to the Ecuadorian constitution 

(Asamblea Constituyente, 2008). In addition, in the same Ecuadorian constitution, the nature 

has the right to integral respect for its existence and for the maintenance and regeneration of 

its life cycles, structure, functions and evolutionary processes (Asamblea Constituyente, 

2008). However, Capparelli et al. (2020) found that in the zone of the Rainforest community, 

anthropogenic activities are introducing metals to the aquatic ecosystem, as some metals were 

up to 500 times above the maximum permissible limits for the preservation of aquatic life 

established by Ecuadorian and North American guidelines. 
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Our exploration to anticipate the future of water management at the community level 

with DAFIs and complementary policy drivers (Ghaboulian Zare et al., 2022), leads us to 

suggest the use of two scenarios: the worst-case scenario and a managed policy scenario for 

the three communities. In the worst-case scenario of the three communities, more than 85% 

of the concepts are changing. However, these changes range from very weak to medium, and 

no concept experiences a strong change (Appendix C). But this is not necessarily always the 

case. Gray et al. (2015) use the worst-case scenario idea in the community model of the 

bushmeat trade in Tanzania and create a scenario in which the concept of the increased human 

population is characterized “as high”. 

Concerning the reaction of the system to the proposed policies, the implementation 

of AFIs as nature-based solutions leads to a decrease in natural and anthropogenic water 

pollutants in the Páramo community. Our findings are in line with the study of Ladislas et al. 

(2015) who show that AFIs can effectively remove some heavy metals, such as cadmium, 

nickel, and zinc from stormwater ponds. Also, the results of Wang et al. (2020) reveal the 

purification abilities of AFIs for carbon, nitrogen, and phosphorus. In the Mangrove 

community, the AFIs could increase access to safe water, food and energy, and improve the 

water quality for food production. In accordance with Karstens et al. (2018), the goal of AFIs 

in coastal habitats is the restoration and rehabilitation as well as the local enhancement of 

water quality by nutrient absorption and removal. Due to their generally low cost and simple 

construction, AFIs are used to treat wastewater from secondary effluents, stormwater, and 

agricultural runoff (Benvenuti et al., 2018; Colares et al., 2020). Regarding food production 

and energy, the plants harvested from very large AFIs can be processed into biogas, bio-

fertilizer, biomaterials, or even food for animals and humans (Yeh et al., 2015). In the 

Rainforest community, the AFIs have a positive impact on ecosystem conservation and as an 

alternative to common water treatment technologies. Sharma et al. (2021) and Nuruzzaman 

et al. (2021) state that the AFIs are a cost-effective and eco-friendly phyto-technology which 

potentially benefit ecosystem quality preservation and landscape conservation. As reported 

by UNESCO (2019), nature-based solutions offer some of the most effective and sustainable 
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ways to improve water security, supporting the achievement of SDG target 6.3. They also 

offer additional benefits to the communities in which they are applied, such as improved 

agriculture, job creation, climate resilience, and the achievement of several other SDGs. 

In our communities, various water quality problems can be addressed with technical 

solution such as AFIs. However, community members outlined complementary policy 

drivers or combinations with AFIs which are needed to demonstrate significant changes in 

water quality. Strategies such as the positive political influence of community leaders (Pila, 

2018), the government institutions specializing in water (Davies & Mazumder, 2003), and 

reinforcing training in environmental education (Suárez-Perales et al., 2021) can be applied 

to the problem of a few legitimate conservation policies in the Páramo community. For the 

environmental law violation in the Mangrove community, corporate environmental 

responsibility (Hambira & Kolawole, 2021), education in promoting environmental 

awareness (Suárez-Perales et al., 2021), and payment for ecosystem services (Fu et al., 2018) 

are key aspects to improve the water quality. Moreover, to achieve the social well-being in 

the Rainforest community, a better education level of communities members (Al Amin et al., 

2021), environmental education programs (Suárez-Perales et al., 2021), and community 

committees to denounce non-compliance with the law to the government (Buccina et al., 

2013) are presented as potentially promising concepts. 

2.5 Conclusions 

In our study, the FCM method proves to be a useful tool to identify concepts that 

influence water quality based solely on a linguistic description from local participants. Using 

diverse sources of knowledge from people in three communities located in key ecosystems 

in Ecuador, we identify issues that locals relate to poor water quality such as natural 

pollutants, human exposure to environmental pollutants, and violation of environmental 

legislation. 

The application of FCMs offers a promising method to analyse and identify AFIs as 

nature-based solutions for water quality improvement. However, not all the problems 
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recognized by the communities are solved by this option. Therefore, model simulations 

combining AFIs with different policies show better and more comprehensive options for 

improving water quality and ensuring future sustainable water governance. Some of the main 

policies suggest reinforcing training and educational programs to promote environmental 

awareness, demand corporate environmental responsibility, implement payment for 

ecosystem services, and organize community committees to denounce non-compliance with 

the law. 

We suggest that future studies should consider three aspects of the community FCMs: 

the criteria that determine the necessary participation of stakeholders, the policy driver  

associated with the nature-based solution, and the use of understandable rating scales for the 

degree of influence between concepts. Related to criteria of participation, FCMs encourage 

stakeholders to take part in water management decisions. Nevertheless, participants should 

fulfill the following criteria: In the communities, the water must play a crucial role in family 

income generation and, in the case of experts, their knowledge, experience and influence on 

water decisions making. In this way, it is possible to identify the real problems and propose 

adequate strategies based on internal mental models of stakeholders. Regarding the policy 

driver, we propose AFIs as a nature-based solution taking into account the economic water 

scarcity of communities, although for future studies we recommend exploring theoretically 

other nature-based solutions that also cover the problem of physical water scarcity. This 

approach suggests that for scoring the degree of cause-effect influence of concepts, simple 

scales may adequately capture our objective, otherwise the community may perceive long 

scales as a complex methodology. 

Our results show that the simple nature of the FCMs provides a novel, inclusive, and 

locally adapted framework to understand how water quality could be improved, guiding the 

future water management and contributing to achieving the SDGs, particularly target 6.3 in 

developing countries. Furthermore, as pioneering work in the region, our results have the 

potential to be replicated in different communities in developing countries, where access to 

data is limited, but the motivation and knowledge of stakeholders exist.
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Appendix A 

Participation of multisectoral stakeholders in water management decisions 

Stakeholders Category Function Expert' role 
Number 

experts 

Invited 

participants 

Total of 

experts 

Participants 

of 

community 

Páramo  

Decentralized Autonomous 

Government (GAD) of the 

province of Cotopaxi/ 

YakupakWasi 

Irrigation water management 

in the province of Cotopaxi, 

including páramo areas 

Director of the 

irrigation and drainage  
1 2 

10 10 

Cotopaxi Technical University - 

Environmental Engineering 

Department  

Training of professionals in 

the management and 

protection of water, soil and 

air 

Director of the project: 

nature-based solutions 

in the páramo of 

Cotopaxi 

1 2 

Independent professional Consultant 

Specialist in 

conventional water 

treatment plants and 

irrigation reservoirs  

1 2 

NGO "Plan Internacional" 

Promote associativity, 

sustainable production, and 

fair trade 

General manager in 

Cotopaxi 
1 0 

Mangrove 

Ministry of the Environment, 

Water and Ecological Transition 

of Ecuador (MAAE).  

Salado Estuary and Santay 

Island recovery Project 

(PRESIS) 

Manager of project 

PRESIS 
1 2 

10 10 University of Guayaquil  

Training of professionals in 

biotechnology, biodiversity, 

and conservation of natural 

resources 

Director of biology 

department 
1 0 

Municipal Water and Sewerage 

Company of Guayaquil (EP 

EMAPAG) 

Consultant 

Specialist in 

conventional water 

treatment plants 

1 2 
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Stakeholders Category Function Expert' role 
Number 

experts 

Invited 

participants 

Total of 

experts 

Participants 

of 

community 

ONG "Misión Asistencia" 

Promotes the protection of 

people and communities 

against the harmful effects of 

natural or anthropogenic 

phenomena 

Executive director 1 2 

Rainforest 

Decentralized Autonomous 

Government (GAD) of the 

province of Archidona 

Application of environmental 

management policies in the 

territory of Archidona 

Coordinator of the 

environmental 

management and 

control department 

1 1 

8 8 

Amazon Regional University 

Ikiam- Department of Hydrology 

Training of professionals in 

management and protection 

of water 

Coordinator of 

department of 

hydrology 

1 2 

Independent professional  Consultant  

Specialist in 

conventional water 

treatment plants 

1 0 

NGO "180 GRADOS"  

Development of social 

projects with a gender 

approach  

Executive director 1 1 
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Appendix B 

(1) Social cognitive map constructed in the workshop by the páramo community. Blue lines represent positive influence of concept Ci on concept Cj, 

and orange lines represent a negative influence of concept Ci on concept Cj. Line thickness indicates the degree of influence between components. 
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(2) Cognitive map constructed in the workshop by the mangrove community. Blue lines represent positive influence of concept Ci on concept Cj, and 

orange lines represent a negative influence of concept Ci on concept Cj. Line thickness indicates the degree of influence between components. 

 

Appendix B Continued 
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(3) Social cognitive map constructed in the workshop by the rainforest community. Blue lines represent positive influence of concept Ci on concept 

Cj, and orange lines represent a negative influence of concept Ci on concept Cj. Line thickness indicates the degree of influence between components. 

 

Appendix B Continued 
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Appendix C  

(1) Results of worst-case scenario in the páramo community. Factors with an increasing trend 

are listed in the left column, factors with a decreasing trend in the right column. 1 = strong 

change (red color); 2 = medium change (blue color); 3 = weak change (purple color); 4 = 

very weak change (grey color). 

Concept EV1: Natural water pollutants 

% of Concept Changed 89 

Concept 
Strength  

(Positive) 
Concept 

Strength 

(Negative) 

P3: Decision-makers without 

adequate training 
4 

EV2: Anthropogenic water 

pollutants 
4 

P4: Short-term environmental 

projects without results 
4 AC1: Landslides 4 

P5: Few legitimate conservation 

policies for key ecosystems 
3 S2: Population growth 2 

EV3: Climate change 4 S7: Social well-being 4 

S3: Lack of community cohesion 3 EC7: Economic growth 4 

EC3: Costly treatments of water 4 
ECPE1: Increased agriculture in 

páramo 
4 

EC5: Water demand for economic 

activities: crop 
4 

  

L3: Legal actions by users 4   

L4: Water governance crisis 4   

LPE1: Laws that contradict each other 4   
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(2) Results of worst-case scenario in the mangrove community. Factors with an increasing 

trend are listed in the left column, factors with a decreasing trend in the right column. 1 = 

strong change (red color); 2 = medium change (blue color); 3 = weak change (purple color); 

4 = very weak change (grey color). 

Concept EV7: Human exposure to environmental pollutants 

% of Concept Changed 90 

Concept 
Strength  

(Positive) 
Concept 

Strength 

(Negative) 

PME1: Absence of water pollution 

control by government 
4 

EV2: Anthropogenic water 

pollutants 
2 

EV5:Conventional treatments 3 EV4: Waterbody restoration 4 

EV6: Ecosystem conservation: 

Mangrove 
4 S2: Population growth 2 

EVME1: Water contamination from 

mining, oil, and aquaculture 

activities 

4 S7: Social well-being 4 

EVME2: Waste disposal problems 4 EC3: Costly treatments of water 4 

EVME3: Poor waste management 

by the municipality 
2 

EC8: Water quality for food 

production 
3 

ECME1: Lack of a sewer system  4 ECME1: Lack of a sewer system 4 

SME1: Irregular settlement in 

mangrove zones 
4 

  
SME2: Access to safe water, food 

and energy 
4 

  
EC4: Inhabitants incur medical 

costs 
4 

  

L2: Environmental law violation 4 
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(3) Results of worst-case scenario in the rainforest community. Factors with an increasing 

trend are listed in the left column, factors with a decreasing trend in the right column. 1 = 

strong change (red color); 2 = medium change (blue color); 3 = weak change (purple color); 

4 = very weak change (grey color). 

 

Concept Scenario: L2: Environmental law violation  

% of Concept Changed  87.5 

Concept 
Strength  

(Positive) 
Concept 

Strength 

(Negative) 

EV2: Anthropogenic water pollutants 4 EV3: Climate change 4 

EV7: Human exposure to 

environmental pollutants 
3 EV6: Ecosystem conservation 3 

SRC1: Lack of environmental 

education 
2 S2: Population growth 3 

ECRE1: Low purchasing power 3 S7: Social well-being 4 

  T1: Alternative water technology 4 

  EC1: Fish production 3 

  EC2: Food Security 3 

  EC3: Costly treatments of water 4 

  EC4: Inhabitants incur medical 

costs 
3 

  EC8:Water quality for fishing 

production 
3 
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Appendix D 

(1) Comparison between steady-state and change rate concepts by clamping each policy to 1 in the páramo community 

PESTEL Concepts 
DAFIs: Artificial 

Floating Islands 

DPE1: Positive 

political influence of 

community leaders 

in water 

management. 

DPE2: Government 

Institutions 

Specialized in Water 

Issues 

DP1: Reinforce 

training in 

environmental 

education 

Political 

P3: Decision-makers without adequate 

training 
-53.2% -49.9% -53.2% -49.9% 

P4: Short-term environmental projects 

without results 
-73.2% -69.3% -75.4% -69.2% 

P5: Few legitimate conservation  

policies for key ecosystems 
-80.2% -78.9% -79.4% -78.1% 

Environmental 

EV1: Natural water pollutants -66.1% -53.9% -56.7% -59.6% 

EV2: Anthropogenic water pollutants -67.9% -56.4% -62.7% -66.4% 

EV3: Climate change -59.5% -49.5% -48.0% -55.0% 

EVPC1: Landslides -53.6% -36.1% -45.7% -48.6% 

Social 

S2: Population growth 2.7% 1.9% 3.3% 0.4% 

S3: Lack of community cohesion -21.0% -21.0% -28.1% -24.6% 

S7: Social well-being 31.0% 19.6% 25.6% 25.5% 

Economic 

EC3: Costly treatments of water -42.6% -26.1% -35.2% -32.8% 

EC5: Water demand for economic 

activities: crop 
-51.5% -36.5% -44.4% -46.0% 

EC7: Economic growth 36.6% 23.4% 36.3% 29.3% 

ECPE1: Increased agriculture in páramo -65.5% -68.2% -62.7% -69.3% 
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PESTEL Concepts 
DAFIs: Artificial 

Floating Islands 

DPE1: Positive 

political influence of 

community leaders 

in water 

management. 

DPE2: Government 

Institutions 

Specialized in Water 

Issues 

DP1: Reinforce 

training in 

environmental 

education 

Legal 

L3: Legal actions by users -20.4% -12.6% -15.6% -13.4% 

L4: Water governance crisis -21.1% -16.1% -22.3% -17.3% 

LPE1: Laws that contradict each other -80.7% -79.0% -80.6% -79.0% 
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(2) Comparison between steady-state and change rate concepts by clamping each policy to 1 in the mangrove community 

PESTEL Concepts 

DAFIs: 

Artificial 

Floating 

Islands 

DEM1: Corporate 

Environmental 

Responsibility 

DME2: Education 

in promoting 

environmental 

awareness 

DMC1: 

Payment for 

ecosystem 

services 

Political PME1: Absence of water pollution control by government -28.2% -32.5% -29.9% -37.4% 

Environmental 

EV2: Anthropogenic water pollutants -49.4% -51.0% -50.0% -46.6% 

EV4: Waterbody restoration 50.5% 40.2% 41.3% 42.4% 

EV5:Conventional treatments -40.7% -32.9% -35.8% -33.8% 

EV6: Ecosystem conservation: Mangrove 39.5% 31.3% 33.2% 31.7% 

EV7: Human exposure to environmental pollutants -33.2% -22.5% -24.8% -22.5% 

EVME1: Water contamination from mining, oil, and aquaculture 

activities 
-57.5% -57.6% -56.9% -56.2% 

EVME2: Waste disposal problems -31.5% -41.8% -40.5% -40.8% 

EVME3: Poor waste management by the municipality -9.4% -8.2% -10.3% -12.9% 

EVMC1: Mangrove habitat lose -49.2% -48.8% -50.0% -52.7% 

Social 

S2: Population growth 50.7% 41.0% 41.9% 44.5% 

S7: Social well-being 58.9% 38.8% 43.9% 45.9% 

SME1: Irregular settlement in mangrove zones -26.1% -26.0% -32.0% -31.0% 

SME2: Access to safe water, food and energy 78.3% 63.9% 64.6% 71.0% 

Economic 

EC3: Costly treatments of water -5.1% -4.5% -4.4% -4.4% 

EC4: Inhabitants incur medical costs -5.2% -3.4% -3.6% -3.7% 

EC8: Water quality for food production 55.3% 42.4% 45.9% 46.2% 

ECME1: Lack of a sewer system  -1.3% -1.7% -1.6% -1.7% 

Legal L2: Environmental law violation -24.7% -32.2% -23.7% -27.2% 
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(3) Comparison between steady-state and change rate concepts by clamping each policy to 1 in the rainforest community 

PESTEL Concept 

DAFIs: 

Artificial 

Floating 

Islands 

DRE1:Better 

educational 

level of 

community 

members 

DRE2: 

Environmental 

education 

programs 

DRC1: 

Community 

committee to 

denounce non-

compliance with 

the law to the 

government 

Environmental 

EV2: Anthropogenic water pollutants -14.7% -9.2% -9.5% -10.0% 

EV3: Climate change 4.3% 3.8% 3.8% 4.1% 

EV6: Ecosystem  

conservation 
80.0% 71.9% 73.4% 67.8% 

EV7: Human exposure to environmental pollutants -44.9% -35.5% -39.1% -34.8% 

Social 

S2: Population growth 44.1% 42.1% 42.6% 41.8% 

S7: Social well-being 91.4% 89.6% 90.1% 88.1% 

SRC1: Lack of environmental education -35.4% -38.1% -38.7% -29.6% 

Tecnological 
T1: Alternative water  

technology 
35.5% 21.1% 21.9% 18.8% 

Economic 

EC1: Fish production 81.8% 75.3% 75.7% 75.0% 

EC2: Food Security 83.9% 83.6% 83.7% 83.3% 

EC3: Costly treatments of water -28.7% -16.7% -18.2% -13.8% 

EC4: Inhabitants incur medical costs -77.0% -76.1% -74.9% -74.4% 

EC8:Water quality for fishing production 76.3% 66.0% 67.2% 63.8% 

ECRE1: Low purchasing power -85.3% -82.7% -82.2% -82.4% 

Legal 
L2: Environmental  

law violation 
-5.8% -4.9% -5.0% -6.3% 

Appendix D Continued 
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Chapter III: Assessing the potential of nature-based solutions as 

sustainable land and water management strategies in the high tropical 

Andean páramo ecosystem 

 

This chapter is published as: 

Fonseca, K., Acero Triana, J. S., Ramírez, M., Martínez, W., Ilbay, M., Espitia-Sarmiento, 

E., & Breuer, L. (2024). Assessing the potential of nature-based solutions as 

sustainable land and water management strategies in the high tropical Andean páramo 

ecosystem. Journal of Environmental Management, 372, 123350. 

https://doi.org/10.1016/j.jenvman.2024.123350 

 

Abstract  

Nature-based solutions (NbS) are gaining attention as viable strategies for restoring water-

rich ecosystems such as the páramo. However, the lack of evidence on their effectiveness, 

coupled with a limited understanding of their political, economic, social, technological, 

environmental, and legal (PESTEL) context, hinders their widespread adoption. To address 

this gap, we propose a multi-method framework that (i) captures PESTEL factors influencing 

the implementation of passive ecological restoration in páramo ecosystems as a measure of 

NbS and (ii) assesses its associated environmental impacts. Our approach integrates a scoping 

review with remote sensing techniques, water quality assessment, and correlation analyses. 

Focusing on the Upper Pita and Upper Cutuchi River Basins-key water sources for Andean 

communities in Ecuador, we reveal that the deterioration of their páramo ecosystems in the 

20th century was mainly due to camelid grazing and pine timber production. In response to 

these threats, bottom-up management efforts starting in 1999, guided by various PESTEL 

factors, promoted policies, regulations, social agreements, and financial support for 

achieving passive ecological restoration between 2010 and 2017 in the Upper Pita River 

Basin. As a result, the conservation of 73.4% of natural páramo with excellent water quality 

in 2022. By contrast, top-down management in the Upper Cutuchi River Basin was 
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ineffective because national strategies failed to tackle the local environmental challenges 

posed by the PESTEL factors. Hence, only 31.6% of the natural páramo remained with poor 

water quality by 2022. Our study is the first to demonstrate that passive ecological restoration 

benefits these ecosystems, while its absence results in significant changes that require 

additional restoration strategies. 

3.1 Introduction 

The high mountain landscape of the northern Andes region in South America is 

dominated by a unique tropical montane tundra ecosystem known as páramo, characterized 

by a high water retention capacity (Buytaert et al., 2006; Castanier, 2015a; Christmann & 

Oliveras, 2020; Patiño et al., 2021). The páramo encompasses the high tropical Andes at 

elevations ranging from 3,000 to 5,000 meters above sea level (m.a.s.l.) and plays a vital role 

in water supply for Andean communities, including those in large cities such as Quito 

(Ecuador) and Bogotá (Colombia) (Buytaert et al., 2006; Mosquera et al., 2023). The main 

river basins supplying these local communities have headwaters in this ecosystem, which 

provide high-quality drinking and irrigation water for the downstream population (Ávila & 

Gallo, 2021; Mulligan et al., 2010). 

Despite the importance of páramo ecosystems in providing water ecosystem services 

to Andean communities, their intensive exploitation has become widespread in the northern 

Andes, posing a growing threat to water security (Buytaert et al., 2006; Mulligan et al., 2010). 

The natural páramo vegetation (i.e., tussock-forming grasses, xerophytic shrubs, cushion-

forming plants, and giant caulescent rosettes), which acts as giant sponges steadily supplying 

water, has been converted, often by burning into agricultural, forestry, grazing, mining, and 

urban systems (Castelo-Cabay et al., 2022; Giles et al., 2018). Transforming the vegetation 

cover and altering the hydro-physical properties of soil can significantly impact the 

hydrological performance of páramo ecosystems, affecting both the quality and quantity of 

water they provide (Patiño et al., 2021).  
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A crucial measure to reduce the impact of land use and land cover (LULC) changes 

on the water resources and to conserve the remnants of natural páramo vegetation is 

implementing sustainable management strategies (Buytaert et al., 2006; García et al., 2019; 

Mosquera et al., 2023; Rey-Romero et al., 2022). Many sustainable development agendas 

highlight nature-based solutions (NbS) among the available strategies because of the benefits 

of working with nature (Hanson et al., 2020; Possantti & Marques, 2022; Sowińska-

Świerkosz & García, 2022). Cost-effectiveness, adaptation to local environmental issues, and 

contribution to achieving multiple Sustainable Development Goals (SDGs) are among the 

main advantages of NbS (Keesstra et al., 2018; Sowińska-Świerkosz & García, 2022).  

In particular, in the headwaters of crucial Andean river basins, NbS initiatives, such 

as passive ecological restoration, are drawing the attention of the decision-makers to sustain 

drinking water sources (Brauman et al., 2019; Castanier, 2015). Passive ecological 

restoration is particularly well-suited for headwater streams, as it can restore their water 

quality by eliminating disturbances and favoring natural vegetation recovery (Buytaert et al., 

2007; Taniwaki et al., 2019; Trujillo-Miranda et al., 2018). Nonetheless, conclusive results 

demonstrating that passive ecological restoration impacts on páramo ecosystems’ 

environmental health are lacking. Similarly, the macro-environment surrounding the 

management of passive ecological restoration, including the political, economic, social, 

technological, environmental, and legal (PESTEL) context (Den Heijer & Coppens, 2023; 

Fonseca et al., 2022), remains largely unknown.  

Recognizing the benefits of passive ecological restoration to reduce land degradation 

and improve water quality in the PESTEL context of páramo ecosystems requires an 

integrated assessment from different perspectives using multiple data sources. In this study, 

we propose a novel multi-method framework to i) capture PESTEL factors favoring (or 

constraining) the implementation of passive ecological restoration and ii) quantify its 

potential environmental impacts in páramo areas. It combines scoping review with remote 

sensing techniques, water quality assessment, and correlation analysis to address the 

following research questions: (1) What PESTEL factors favor (or constrain) the 
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implementation of passive ecological restoration in the páramo ecosystems? (2) How do 

spatiotemporal changes in LULC and water quality differ between páramo areas with and 

without passive ecological restoration? (3) How does combining PESTEL analysis with 

environmental impact assessment of passive ecological restoration contribute to decision-

making for sustainable land and water management in páramo areas? In this study, we 

selected the Upper Pita River (UPitaRB) and the Upper Cutuchi River Basins (UCutuchiRB) 

in Ecuador to illustrate the role of the páramos in the northern Andes of South America for 

drinking and irrigation water supply. By analyzing local passive ecological restoration efforts 

to maintain water ecosystem services, we provide decision-makers with strategies to improve 

páramo management. 

3.2 Materials and Methods 

3.2.1 Study basins  

The UPitaRB and UCutuchiRB are located in the Andean range within Ecuador’s 

páramo ecosystems and along the protected areas of the Cotopaxi National Park and the El 

Boliche National Recreation Area, respectively, shown in Fig. 3-1. The UPitaRB covers 197 

km2 and is located ~20 km from Quito between the northeast side of the Cotopaxi volcano 

and the southwest side of the Sincholagua volcano (Fig. 3-1a). UPitaRB’s elevations range 

from 3,280 to 5,800 m.a.s.l. with a mean slope of 16%. The UCutuchiRB covers 233 km2, 

and it is situated ~23 km from Latacunga across the inter-Andean valley (2,980-5,800 

m.a.s.l.; mean slope of 14%) to the west of the Cotopaxi volcano (Fig. 3-1b). According to 

the Köppen-Geiger classification, the climate in the basins is warm temperate (Cfb) (Kottek 

et al., 2006), with temperatures ranging from 6 to 12°C (INAMHI, 2017). The mean annual 

precipitation in the UPitaRB varies between 1,064 and 1,406 mm, while in UCutuchiRB, 

between 662 and 1,406 mm (1968-2014) (Ilbay-Yupa, Lavado-Casimiro, et al., 2021). A 

sandy-loamy soil is predominant in both basins. Specifically, 80% of UPitaRB’s soils are 

classified as andisols (middle and upper parts), 10% entisols, and 10% mollisols (lower part). 
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In the UCutuchiRB, andisols represent 40% of the basin’s area, while the remaining 60% are 

equally covered by mollisols and inceptisols (MAG, 2019).  

 

Fig. 3-1. Topography, hydrography, and protected areas of the (a) Upper Pita and (b) Upper 

Cutuchi River Basins, located in (c) South America and (d) Ecuador. 

The Pita and Cutuchi Rivers are a crucial source of drinking and irrigation water for 

Quito, the country’s second-largest city (~2.8 million inhabitants), and for Latacunga, a 

relevant agroindustrial city (Aguilera et al., 2004; Castanier, 2015; SNAP, 2015; Zapata et 

al., 2021). In the UPitaRB, water is allocated to irrigation (53.8%), human consumption 

(25%), pisciculture (21%), and ponds (0.2%). Similarly, in the UCutuchiRB, water rights are 
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predominantly concessioned to irrigation (87.5%), industrial supply (10.8%), human 

consumption (1.2%), and recreational use, pisciculture, and bottled water companies (0.5%) 

(SENAGUA, 2021). UPitaRB and UCutuchiRB are part of the fourth (9.65%) and sixth 

(7.30%) Ecuadorian provinces (i.e., Pichincha and Cotopaxi), which have the largest páramo 

areas (mainly shrubs and herbaceous vegetation) of all provinces (García et al., 2019). 

Despite their importance to the national territory, the limited spatial scope of passive 

ecological restoration has led to uneven protection of these ecosystems, with páramo areas 

continuing to be transformed into other LULC, jeopardizing water security in the Andean 

cities (Castanier, 2015; Zapata et al., 2021). 

3.2.2 Multi-method framework  

The designed framework consists of (a) a PESTEL analysis to create a timeline of 

PESTEL factors influencing passive ecological restoration through a scoping review and b) 

an integration of remote sensing techniques, water quality assessment, and correlation 

analysis to characterize spatiotemporal changes of LULC and water quality in the study area 

(Fig. 3-2). 

 

Fig. 3-2. Multi-method framework to capture the PESTEL factors involved in passive 

ecological restoration and quantify its potential environmental impacts. 

3.2.3 PESTEL analysis 

A scoping review was conducted from August 2022 to April 2023 following the 

methodology by Levac et al. (2010) to identify, select, and summarize relevant studies on 
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passive ecological restoration in the páramo areas based on the analysis of PESTEL factors 

(Den Heijer & Coppens, 2023; Fonseca et al., 2022). This approach allows the incorporation 

of formal and grey literature to assess the size and scope of available literature on a specific 

topic and identify key trends and research gaps (O’Brien et al., 2016). We utilized widely 

recognized scientific databases, including ScienceDirect, Web of Science, Google Scholar, 

SpringerLink, and the Integrated System of Ecuadorian University Libraries. The studies on 

PESTEL factors were identified to address the research question: (1) What PESTEL factors 

favor (or constrain) the implementation of passive ecological restoration in the páramo 

ecosystems? The literature search consisted of keyword combination searches that associate 

PESTEL factors in each of the study basins with keywords such as LULC changes, NbS, 

basin management, sustainable land and water management strategies, sustainable land and 

water management initiatives, páramo transformation, passive ecological restoration, water 

quality, and land degradation. The selected studies met the following inclusion criteria 

proposed by the authors: a) peer-reviewed textbooks and book chapters, b) grey literature 

from non-governmental organizations (NGOs), consulting companies, and government 

agencies, and c) national and local laws, regulations, and policies. 

Since passive ecological restoration plans began in the study area in 1999, studies 

conducted before this year were classified as development pathways of land and water 

management. While studies after 1999 were viewed as an adaptation of passive ecological 

restoration to páramo ecosystems, with significant implementation years being 2010, 2017, 

and 2022. Overall, data from 48 studies were extracted and presented in a timeline view to 

capture the PESTEL factors favoring and constraining the implementation of passive 

ecological restoration in páramo ecosystems. 

3.2.4 Remote sensing assessment 

The compilation of primary data was necessary to assess the spatiotemporal LULC 

changes across the UPitaRB and UCutuchiRB due to the lack of national high-resolution 

LULC datasets. Using Google Earth Engine, as suggested by Floreano and De Moraes (2021) 



         

75 

 

and Gorelick et al. (2017), we performed image collection, estimated spectral indices, and 

conducted supervised classification using a random forest classifier. For the image collection, 

we combined annual medians of Level-2 Landsat 30-m multispectral imagery (TM5 for 1999, 

ETM+7 for 2001-2013, and OLI8 for 2013-2022) and a 30-m Digital Elevation Model 

(DEM) from February 2000 of the Shuttle Radar Topography Mission (SRTM) (L. Yang et 

al., 2011). The Level 2 Landsat imagery passed through a pre-processing step to eliminate 

atmospheric effects and, thus, reduce the probability of LULC misclassification in cloud-

prone areas (Kuhn et al., 2019). Subsequently, these data layers were used to estimate seven 

spectral indices that served as predictor variables of LULC and discriminate between 

vegetation and developed areas: Normalized Difference Vegetation Index (NDVI) (Maxwell 

& Sylvester, 2012), Structure Intensive Pigment Index (SIPI) (Kobayashi et al., 2020), 

Photosynthetic Vigour Ratio (PVR) (Warren & Metternicht, 2005), Visible Atmospherically 

Resistant Index Green (VARIGreen) (Kobayashi et al., 2020), Green Atmospherically 

Resistant Vegetation Index (GARI) (Sonobe et al., 2018), Normalized Difference Built-up 

Index (NDBI), and Normalized Difference Water Index (NDWI) (Ashok et al., 2021). 

Using a random forest classifier trained on labeled data from approximately 100 

sampling points per land cover type, we generated LULC maps for 1999, 2010, 2017, and 

2022 (key years related to passive ecological efforts). Random Forest algorithm was used to 

classify LULC due to the effective handling of large multi-temporal remote sensing datasets 

and high resistance to noise and overfitting (Acharki, 2022; Andrade et al., 2021; Hasan et 

al., 2023). The labeled data was identified by visual interpretation of medium-resolution 

Landsat and ESRI mosaics following the CORINE land cover classification (IDEAM, 2010) 

considering seven classes: (1) artificial surfaces, (2) forests (e.g., pine), (3) glacier and 

perpetual snow, (4) open spaces with little or no vegetation (including bare rocks, sparse 

vegetation and burned areas), (5) pastures, (6) shrub and herbaceous vegetation (categorized 

as natural páramo), and (7) temporary crops (e.g., potato, corn, beans). The accuracy of the 

LULC classification used the precision and kappa metrics, according to Foody (2020), at 

30% of the sampling points for each class (Hastie et al., 2009). The LULC classification 
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performed satisfactorily during calibration (precision = 87% and Kappa index ≥ 0.85) and 

validation (precision= 69% and Kappa index ≥ 0.63) according to the Random Forest 

algorithm. The resulting LULC maps were further refined using a majority filter (Kim, 1996) 

to remove isolated pixels. To identify spatiotemporal LULC changes, we used a change 

matrix upon four standardized categories (i.e., deforestation, pine plantation, crops, and 

converted) following the guidelines of IDEAM et al. (2010) and considering changes in 

spatial units of at least 4,000 m2. 

3.2.5 Water quality assessment 

We calculated the Canadian Water Quality Index (CWQI) to compare water quality 

for drinking and irrigation sources between the study basins, chosen for its flexibility in the 

type and number of water quality parameters, the period of application, and the waterbodies 

(CCME, 2017; Hurley et al., 2012). The CWQI (Eq 1) is calculated as the complement of the 

square root of the sum of squares of the scope (F1), frequency (F2), and amplitude (F3) of the 

water samples’ exceedance from given standards (Hurley et al., 2012; Kaur et al., 2023). 

 

CWQI = 100 − (
√F1

2 + F2
2 + F3

2

1.732
)  (Eq 1) 

F1 represents the number of parameters not meeting the water quality standards, while 

F2 represents the number of times the water quality standards are not met. On the other hand, 

F3 represents the deviation of the non-compliant parameters from their corresponding water 

quality standards (Ahmed et al., 2020; Kaur et al., 2023). CWQI varies between 0 and 100, 

with the latter indicating the best water quality (Marselina et al., 2022). 

The acceptable standards for the quality of drinking and irrigation water sources used 

for calculating the CWQI are derived from national regulations (MAE, 2002, 2015), except 

total phosphorus (for both uses), nitrate-nitrogen, and turbidity for irrigation that followed 

international regulations (FAO, 1994; U.S. EPA, 1988, 2012) (Table 3-1). 
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Table 3-1. Acceptable drinking and irrigation water quality standards 

Parameter Unit 
Drinking 

Water 
Irrigation water 

Dissolved oxygen (DO) mg/L  ≥6 ≥3 

Fecal coliform (FC) NMP/100mL ≤1,000 ≤1,000 

Nitrate-Nitrogen (NO3 − N) mg/L ≤10 ≤10 

pH  - 6-9 6-9 

Total dissolved solids (TDS) mg/L ≤500 ≤2,000 

Total phosphorus (TP) mg/L ≤0.1 ≤2 

Turbidity (TURB) NTU ≤100 ≤2 

The CWQI model requires a minimum of four water quality parameters but does not 

specify which ones. Additionally, the parameters used can vary by region, depending on local 

conditions, water use purposes, and quality issues (CCME, 2017; Uddin et al., 2021). Our 

water quality database incorporated seven physical, chemical, and microbiological 

parameters (Table 3-1) based on data availability in the study area, their relevance to drinking 

and irrigation water sources, and frequent parameters incorporated in water quality indices, 

as recommended by Uddin et al. (2021). These parameters include dissolved oxygen (DO), 

fecal coliform (FC), nitrate-nitrogen (NO3 − N), pH, total dissolved solids (TDS), total 

phosphorus (TP), and turbidity (TURB) (Table 3-1). The water quality database includes data 

collected between 3,000 and 5,000 m.a.s.l. in the high tropical Andes from studies funded by 

governmental agencies, universities, and NGOs, was considered for the water quality 

database (Acosta, 2018; Amores, 2019; CODERECO, 2002; Quishpe, 2018; Rojas, 2020). 

In addition, a fieldwork campaign took place in 2022, in which the collection and 

preservation of additional samples complied with Ecuadorian technical standards for 

drinking water (INEN, 2013a, 2013b), Unified Text of the Secondary Legislation of the 

Ecuadorian Ministry of Environment (MAE, 2015), and section 1060 of the Standard 

Methods for the Examination of Water and Wastewater (APHA, AWWA, WEF, 2005, 2017). 

The water quality database for UPitaRB and UCutuchiRB included 441 and 320 water 

samples, respectively, representing seven selected quality parameters at three sampling 

points in 2001, 2010, 2017, and 2022 (Fig. 3-1a and b). In UCutuchiRB, water quality data 

is scarcer than in UPitaRB, with only one data point available from 2001. This year was the 
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starting point for analyzing passive ecological restoration initiatives in both basins from a 

water quality perspective. 

3.2.6 Correlation analysis  

Pearson’s correlation coefficient was applied to linearly associate spatiotemporal 

variations of LULC with water quality parameters (Li et al., 2008) and to evaluate the 

possible impacts of LULC changes on water quality in the UPitaRB and UCutuchiRB. 

Correlation analyses (Eq 2) were conducted using average values of each water quality 

parameter (441 and 320 water samples for UPitaRB and UCutuchiRB, respectively) for the 

period 2001 to 2022, and each LULC class between 1999 and 2022 as follows.  

 

PCC =
∑(LULCi − LULC̅̅ ̅̅ ̅̅ ̅)(WQPi − WQP̅̅ ̅̅ ̅̅ ̅)

σLULC  σWQP
 (Eq 2) 

With Pearson’s correlation coefficient (PCC), LULCi and WQPi  the ith observation of 

LULC and water quality parameters, respectively. LULC̅̅ ̅̅ ̅̅ ̅  and WQP̅̅ ̅̅ ̅̅ ̅  are the mean 

observations, and σ represents the standard deviation (Herzog et al., 2019; Prion & Haerling, 

2014). Correlations were considered statistically significant with PCC ≥ 0.8 and p < 0.05. 

The statistical analysis was performed using the R programming language. 

3.3 Results 

3.3.1 Development pathways of land and water management in the 20th century 

Exploration of PESTEL factors over the period 1900-1999 revealed their influence 

on both land use changes in the páramo areas of UPitaRB and UCutuchiRB and the 

introduction of sustainable land and water management strategies, including passive 

ecological restoration as shown in Table 3-2. Predominantly political, economic, legal, and 

social factors led to the conversion of substantial páramo areas into large farms (estates 

known as haciendas) and later into a combination of large and small farms due to the 1964 

agrarian reform in Ecuador (Coral et al., 2021; Goodwin, 2017; Solo De Zaldívar, 2015). 

Although a more equitable land distribution was expected with the agrarian reform, 
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disparities between the landowners and peasant communities prevailed due to the 

landowners’ strategies to sidestep the reform by dividing and transferring their lands to 

fictitious buyers (i.e., frontmen, usually relatives) (Coral et al., 2021; Solo De Zaldívar, 

2015). 

Table 3-2. Relevant historical events associated with PESTEL factors affecting páramo areas 

over the 20th century. P: Political, Ec: Economic, S: Social, T: Technological, En: 

Environmental, L: Legal; blue = UPitaRB, grey = UCutuchiRB; white = both basins.  

 Year 
PESTEL 

factor 
Relevant historical events 

1900 
P 

Large farms known as haciendas have been expanding in the páramo since 
colonial times 

S Hacienda peasants work in precarious conditions 

1922 T Quito’s hydropower plant in development 

1928 T California pine trees are introduced in high-altitude ecosystems 

1964 
L Agrarian reform is enacted to redistribute land among peasant communities  

S Landowners divide lands between relatives to sidestep the agrarian reform 

1970 

Ec Peasants cannot afford the increasing land prices after the agrarian reform 

P Area disparities in land redistribution 

Ec Haciendas encompass páramo areas despite the agrarian reform 

Ec Some new landowners intensify agriculture and livestock farming 

Ec Peasant landowners cannot afford large-scale farming infrastructure 

T Road network upgrading project begins 

S Andean urbanization peaks, demanding more water from páramo 

T Latacunga’s utility infrastructure is modernized, excluding the basin  

T Modernize and intensify agriculture and livestock farming  

1973 L Forestry haciendas (pine timber company) excluded from protected areas 

1975 En Cotopaxi National Park (334 km2) is founded as a protected area 

1977 T Quito’s water infrastructure in development 

1978 T A large pine tree lumber company begins activities on 16 km2 

1979 En Boliche Recreation Area (3.9 km2) is founded as a protected area 

1983 T Some gravel and rock deposits are unexpectedly discovered 

1985 
En Alpaca population increases in the highlands  

Ec Development of the wool industry 

1986 
T Salcedo-Ambato canal is being constructed to irrigate 70 km2 in Latacunga 

En Water impairment by fecal coliform is reported 

1990 P 
Management strategies of the Ecuadorian Institute of Water Resources fail due to 
water disputes among stakeholders 

1997 L 
National Ecuadorian Institute of Water Resources is dissolved, and some 
functions are replaced by the National Water Resources Council creation  

1998 L The new constitution considers the protection of natural resources  

1999 

L 
The newly created Environment Ministry approves the environmental 
management law 

Ec Environmental investment is significantly constrained by a deep economic crisis  

En 
Páramo areas are threatened by degradation agricultural expansion, livestock, and 
tourism  

En Water impairment by pathogenic bacteria and total suspended solids is reported  
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On the other hand, economic, social, and technological factors drove the introduction 

in the haciendas of non-native species, such as California pine trees in UCutuchiRB (1928; 

Table 3-2) and alpacas in UPitaRB (1985; Table 3-2), to develop the lumber and wool 

industry, respectively (Buytaert et al., 2007; MAE, 2007; Metcalf et al., 2014). Thus, the 

Mudadero and Campo Alegre haciendas covered UPitaRB, while forestry haciendas (pine 

timber company) occupied UCutuchiRB (Fig. 3-1a and b) (Coronel, 2019; MAE, 2007). In 

addition, peasant communities established small farms in these páramo areas, lacking the 

resources for the large-scale infrastructure (Keese, 1998; Partridge, 2016). Simultaneously, 

water and electricity infrastructures for Quito were developed across UPitaRB between the 

1920s and 1970s (Carrion et al., 1997; González-Zeas et al., 2022) (Table 3-2). UCutuchiRB, 

meanwhile, focused on the development of irrigation and transport infrastructure (1970-

1986) for the nascent timber industry in Latacunga, which began in 1978 on 16 km 2 of 

páramo land and the mining industry that took off after the discovery of registered gravel and 

stone deposits as early as 1983 (Table 3-2) (Aglomerados Cotopaxi, 2021; Allou et al., 1987; 

Martínez, 2006). At the same time, drinking water and electricity infrastructures for 

Latacunga were developed in other páramo areas in the southwest of the city (Ibarra, 2018). 

During 1960-1980, the urbanization of Andean cities reached its peak, as well as the 

demand for food and irrigation water, which led to the intensification and modernization of 

agriculture and livestock farming in both basins (Alvarez & Sanchez, 2018; Cornejo & 

Wilkie, 2010; Rudel & Richards, 1990; Solo De Zaldívar, 2015). To counteract these 

anthropogenic pressures in the páramo areas associated with economic, social, and 

technological development and to promote tourism, the creation of protected areas was 

proposed as one of the early sustainable management strategies. With the prior agreement to 

exclude UCutuchiRB forestry haciendas from the protected areas, Cotopaxi National Park 

and the El Boliche National Recreation Area were founded in 1975 and 1979, respectively, 

to achieve ecological restoration objectives at the national level guided by a top-down 

management approach (from the National government) (MAE, 2007; SNAP, 2015). 
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Moreover, the National Ecuadorian Institute of Water Resources (INERHI) strategies 

failed to resolve water user conflicts and disputes within public institutions. Consequently, 

INERHI was dissolved, irrigation development competencies were decentralized to the 

Regional Development Corporations in 1994, and water resources management was 

transferred to the National Water Resources Council (CNRH) (Hoogesteger et al., 2016; 

Warner et al., 2014).  

Despite the establishment of protected areas for sustainable land and water 

management in UPitaRB and UCutuchiRB, the continued degradation of páramo areas and 

their water quality (Allou et al., 1987; Brauman et al., 2019) prompted a reconsideration of 

new strategies for the páramo. Thus, several legislative initiatives were launched at the 

national level to safeguard ecosystems and promote the sustainable use of land and water 

resources (Asamblea Nacional Constituyente, 1998; Congreso Nacional, 1999; Warner et al., 

2014). These initiatives could have been more effective if the environmental investment had 

not been significantly constrained by a deep economic crisis that led to the dollarization of 

the country’s economy in 1999 (Joslin & Jepson, 2018) (Table 3-2). 

3.3.2 Conditions favoring passive ecological restoration in Upper Pita River Basin in 

the 21st century 

• PESTEL factor analysis in UPitaRB 

Since 1999, passive ecological restoration of páramo areas in the UPitaRB has been 

promoted by several PESTEL factors to protect Quito’s drinking water resources (Kauffman, 

2014; Wiegant, 2022) (Table 3-3). The leading promoters at the political and economic levels 

were Quito’s water and electricity utility companies and the Quito Water Fund, which had 

legal support at the local governance scale (bottom-up management) (Coronel, 2019; Kang 

et al., 2023).  

In particular, the Water Fund created as an endowment fund in 2000, has been 

supported by donations from public, private, and non-profit organizations, including The 

Nature Conservancy, to invest in restoration projects in basins supplying water to Quito 
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(Brauman et al., 2019; Coronel, 2019). However, the implementation of sustainable strategies 

did not occur until 2010, not meeting the expectations of the Water Utility Company, the 

largest donor of the Water Fund, which aimed to increase safe drinking water access by that 

time (Table 3-3) (Joslin & Jepson, 2018; Molina-Vera et al., 2018). 

Table 3-3. Historical events associated with passive ecological restoration in páramo areas 

across UPitaRB in the 21st century. P: Political, Ec: Economic, S: Social, T: Technological, 

En: Environmental, L: Legal. 

Year PESTEL factor UPitaRB 

1999 
P 

Policymakers propose a water fund financed by the public, private 
sectors, and NGOs 

L Public institutions can donate to independent water funds 

2000 

P Water Fund is created by a municipal ordinance 

Ec 
Water Utility Company and The Nature Conservancy become the 
first Water Fund donors 

P 
Water Fund promotes management strategies in Quito’s water-
supplying basins 

2001 T 
Water Utility Company aims to increase high-quality water 
coverage by 2010 

2002 Ec Water Fund can only invest using its profits, which are limited  

2003 Ec 
Several beverage companies utilizing water from the páramo of 
the UPitaRB contribute to the Water Fund 

2005 – 2009 P 
Water Fund management strategies do not fulfill Water Utility 

Company expectations 

2010 P 
Water Utility Company purchases 74 km2 of the UPitaRB without 
financial support from the Water Fund 

2011 – 2013 

S Landowners agree to relocate 10,000 alpacas 

Ec 
Water Fund is allowed to invest up to 30% of its annual income in 
contributions 

En Alpaca grazing is reduced by 37% of the basin 

P 
Water Fund restoration priorities deep the differences with Water 
Utility Company 

2017 – 2020 

P 
Water Fund purchases 27 km2 of the UPitaRB with Electricity 
Utility Company support 

En Alpaca grazing is reduced by 13% of the basin 

S Landowners agree to relocate 900 alpacas 

Ec 
Water Utility Company reduces operative costs by improving 
water quality upstream 

2022 En 50% of the upper basin undergoes passive ecological restoration 

In 2010, passive ecological restoration efforts began in the páramo areas of UPitaRB, 

focusing on reducing alpaca grazing. The Water Utility Company started with the Mudadero 

hacienda acquisition (73.89 km2), which occupied 37% of the páramo area. Then, agreements 

were reached with landowners to reduce the camelid population by approximately 10,000 

alpacas and other anthropogenic pressures (Table 3-3) (Castanier, 2015; FONAG, 2019). 



         

83 

 

Since 2011, the Water Fund has been allowed to allocate up to 30% of its annual 

income to contributions (Kang et al., 2023), yet passive ecological restoration projects did 

not expand until 2017 (Table 3-3). Nonetheless, this year, political, economic, and social 

factors enabled the Water Fund to purchase 27.2 km2 of the Campo Alegre hacienda with the 

Electricity Utility Company support, turning an additional 13% of UPitaRB’s páramo into 

passive ecological restoration after the relocation of 900 alpacas (Coronel, 2019; FONAG, 

2019). In 2022, 50% of the 196 km2 of páramo in the UPitaRB were subject to passive 

ecological restoration by eliminating disturbance factors and allowing for páramo natural 

vegetation recovery. The passive ecological restoration of páramo in UPitaRB by bottom-up 

management has effectively mitigated widespread land and water degradation, influenced by 

a complex interplay of PESTEL factors since the 20th century. 

• LULC changes in UPitaRB 

The LULC maps and changes for 1999, 2010, 2017, and 2022, corresponding to the 

key years associated with passive ecological restoration of páramo areas in the UPitaRB, are 

shown in Fig. 3-3. In the UPitaRB, the main LULC class in 1999 identified was natural 

páramo, covering 79.3% (Fig. 3-3e), despite a few patches of temporary crops, forests, and 

pastures due to anthropogenic activities (Fig. 3-3a). In addition, open areas with little or no 

vegetation were observed, including bare rocks, sparse vegetation and burned areas 

associated with natural and human factors, respectively (Fig. 3-3a). Between 1999 and 2010, 

significant changes occurred in the LULC of the basin. The natural páramo decreased to 

72.7% and increased open spaces with little or no vegetation to 7.1%, temporary crops to 

5.9%, forests to 3.0%, and pastures to 0.5% (Fig. 3-3b and e). Natural páramo areas in 

Cotopaxi National Park, haciendas, and the lower part of the basin, as depicted in Fig 3-3b 

and e, were primarily transformed into these four specified LULC. 
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Fig. 3-3. LULC changes in UPitaRB between 1999 and 2022. Unclassified = Areas of 

persistent cloud cover located near snow-capped mountains. 

LULC changes from 2010 to 2017 showed an increase to 81.8% of natural páramo 

and a decrease to 3.0 % of open spaces with little or no vegetation, 1.6% of temporary crops, 

and 0.7% of forests (Fig 3-3b, c, and e). Comparing natural páramo between 2010 and 2017, 

it increased by 9.1%, mainly in the areas under passive ecological restoration (establishment 

of haciendas) (Fig 3-3c). Moreover, pastures increased by 1.8% in the lower part of the basin, 

which did not evidence this strategy (Fig. 3-3c). In the last analysis period (2017-2022), the 

natural páramo remained stable at 73.4% by 2022; however, open spaces with little or no 

vegetation increased to 8.1% and forest to 6.6 % in the areas outside this strategy (Fig. 3-3d 

and e). 
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• Water quality changes in UPitaRB 

The spatial and temporal variations of physical, chemical, and microbiological water 

quality parameters and the CWQI for 2001, 2010, 2017, and 2022 are detailed in Fig.3-4. 

Between 2001 and 2010, the lowest water quality in UPitaRB was observed at the low and 

medium sampling points (Fig 3-1a) due to elevated values of pH, TURB, TP, and low DO 

exceeded the water quality standards specified in Table 3-1. The CWQI categorizes these 

ranges as good for drinking water sources and fair for irrigation (Fig 3-4). 

 

Fig. 3-4. The lowest CWQI values in 2001, 2010, 2017, and 2022 and associated water 

quality parameters (see Table 3-1 for acronyms) that do not comply with water quality 

standards for a) drinking water and b) irrigation water in UPitaRB. 

In 2017-2022, with 50% under passive ecological restoration, the CWQI for drinking 

water indicated excellent quality for both years in all sampling points. Nonetheless, high 

levels of turbidity, caused the irrigation water to fall short of the highest water quality 

standards in all sampling points (Fig 3-4). 

• Impacts of LULC changes on water quality in UpitaRB 

For our study period (1999-2022), the correlation analyses by applying the average 

values of each water quality parameter and each individual LULC class in Table 3-4 indicates 

that temporary crops could be the main land use class to predict high levels of fecal coliform 

(FC) (PCC = 0.97; p<0.05), total phosphorus (TP) (PCC = 0.96; p<0.05), turbidity (TURB) 

(PCC=0.98; p<0.05) and low level of dissolved oxygen (DO) (PCC = -0.99; p<0.05) in 

UPitaRB. 
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Table 3-4. Correlation analysis using Pearson’s correlation coefficient (PCC) between water 

quality parameters and percent changes in LULC in UPitaRB; significant levels in grey with 

*p≤0.05, **p≤0.01. For abbreviations of water quality parameters see Table 3-1. 

LULC 

Water quality parameter 

DO FC 
NO3-

N 
pH TDS TP TURB 

Artificial surfaces 0.68 -0.69 -0.31 -0.91 -0.067 -0.77 -0.58 

Forests 0.17 -0.40 -0.15 -0.50 0.24 -0.25 -0.07 

Glacier and snowy areas -0.82 0.80 0.45 0.98 0.26 0.89 0.75 

Open spaces with little or no vegetation -0.28 -0.03 0.02 0.01 0.39 0.25 0.36 

Pastures 0.44 -0.09 0.10 -0.35 -0.17 -0.48 -0.46 

Natural páramo (Shrub and/or 
herbaceous vegetation) 

0.42 -0.21 -0.39 -0.05 -0.72 -0.32 -0.52 

Temporary crops -0.99* 0.97* 0.85 0.90 0.79 0.96* 0.98* 

Moreover, there is a lack of strong correlation between the natural páramo class and 

impacts on water quality parameters, as shown in Table 3-4.  

3.3.3. Conditions constraining passive ecological restoration in Upper Cutuchi River 

Basin in the 21st century 

• PESTEL factor analysis in UCutuchiRB 

Between 2001 and 2022, the PESTEL analysis revealed that the top-down approach 

to sustainable land and water management in UCutuchiRB did not succeed in the ecological 

restoration of páramo areas (Table 3-5). Instead, there was a páramo loss despite the protected 

areas established, such as the Cotopaxi National Park and the El Boliche National Recreation 

Area. At the political level, the Cotopaxi Regional Development Corporation launched an 

integrated basin management plan in 2001 that combined passive ecological restoration of 

páramo areas and sustainable farming with conventional methods to improve the water 

quality of the Cutuchi River (CODERECO, 2002; Zapata et al., 2021). This initiative had to 

be managed by the National Water Resources Council (CNRH) due to its role in enforcing 

legal standards for water use (Hoogesteger et al., 2016). Although the CNRH was dissolved 

and replaced by a single governmental water authority in 2007 (Warner et al., 2014), 

economic resources have not yet been allocated, and environmental improvements have yet 

to be observed (Zapata et al., 2021). Then, in 2014, another strategy was proposed, according 

to Castillo (2022), a creation of the Cutuchi sub-river basin council to facilitate the 

formulation and implementation of water management plans and water fund mechanisms by 



         

87 

 

the Organizational Code of Territorial Organization (COOTAD) and the Ecuadorian water 

law (Asamblea Nacional, 2010, 2014a). Nevertheless, a legal loophole impeded the council 

from being recognized, restricting its access to state funds (Asamblea Nacional, 2014a). 

 

Table 3-5. Historical events associated with passive ecological restoration initiatives in 

páramo areas across UCutuchiRB in the 21st century. P: Political, Ec: Economic, S: Social, 

T: Technological, En: Environmental, L: Legal. 

 

Year PESTEL factor UCutuchiRB 

2001 P 
Regional Development Corporation proposes an integrated basin 

management plan managed by the National Water Resources Council  

2002 Ec No evidence of an executed budget for any basin management plan  

2004 T The largest pine tree lumber company owns 33% (77 km2) of the basin area 

2014 
L A subbasin council is created by Ecuadorian law 

P 
Subbasin council creation promotes management plans and water fund 
mechanisms 

2015 L 
Non-approval of the state budget to the subbasin Council as the government 
prioritizes larger demarcation 

2021 
Ec Ecuador’s largest pine timber company owns ~40% (95 km2) of the basin 

En 
Alarming levels of contamination of the Cutuchi River and lack of 
management strategies 

2022 P Subbasin council lacks recognition due to a legal loophole in Ecuadorian law 

In 2022, as a consequence of poor land and water management, 233 km2 of páramo 

in the UCutuchiRB continues to be used for pine timber production (40% of páramo areas by 

2021) (Aglomerados Cotopaxi, 2021), stone and gravel mining (La Hora, 2018), agricultural 

activities (Solo De Zaldívar, 2015), and high levels of water pollution (Zapata et al., 2021). 

• LULC changes in CutuchiRB 

From 1999 to 2022, natural páramo coverage of UCutuchiRB was substantially lower 

than in UPitaRB. It started at 38.9% in 1999, then decreased to 31.6% in 2022 (Fig. 3-5e). 

During this period, there has been a total decrease of 7.3% (17.0 km2) of natural páramo and 

an increase of 12.4% (28.8 km2) of non-native pine forest (Fig. 3-5a, d, and e). Thus, the pine 

forests covered 19.2% of the basin in 1999 and reached 31.6% in 2022, covering a similar 

area as the páramo (Fig. 3-5a, d, and e). 
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Fig. 3-5 LULC changes in UCutuchiRB between 1999 and 2022. Unclassified = Areas of 

persistent cloud cover located near snow-capped mountains. 
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Páramo losses occurred in the upper UCutuchiRB, with increased pine forests and 

pastures in the upper and middle basin areas, including Cotopaxi National Park, a pine timber 

company, and El Boliche National Recreational Area (Fig. 3-5a and d). Fig 3-5e shows that 

the natural páramo was converted primarily to pine forest, followed by temporary crops and 

pastures (major changes between 1999-2010). 

• Water quality changes in UCutuchiRB 

UCutuchiRB’s sampling points (Fig. 3-1b) showed low DO and pH, along with high 

levels of FC, TDS, TP, and TURB that do not meet drinking water or irrigation water quality 

standards of Table 3-1. Consequently, between 2001 and 2022, UCutuchiRB experienced a 

decrease in CWQI from fair to poor for drinking water and from fair to marginal for 

irrigation water (Fig. 3-6). 

 

 

Fig. 3-6. The lowest CWQI values in the years 2001, 2010, 2017, and 2022 and associated 

water quality parameters (see Table 3-1 for acronyms) that do not comply with water quality 

standards for a) drinking water and b) irrigation water in UCutuchiRB. 

• Impacts of LULC changes on water quality in UCutuchiRB 

Correlation analyses by applying the average values of each water quality parameter 

and each individual LULC class for the study period shows in Table 3-6 that the forests class 

(pine forest) was significantly correlated to total phosphorus TP (PCC = 0.99; p < 0.01) and 

open spaces with little or no vegetation was positively related to TDS (PCC = 0.99; p < 0.01). 
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Table 3-6. Correlation analysis using Pearson’s correlation coefficient (PCC) between water 

quality parameters and percent changes in LULC in UCutuchiRB; *p≤0.05; **p≤0.01. For 

abbreviations of water quality parameters see Table 3-1. 

 

LULC 
Water quality parameters 

DO FC NO3-N pH TDS TP TURB 

Artificial surfaces 0.99 0.90 0.12 0.94 -0.68 0.32 -0.54 

Forests (pine) 0.39 0.70 0.98 -0.02 -0.91 0.99** 0.63 

Glacier and snowy areas -0.95 -0.99 -0.49 -0.74 0.91 -0.66 0.18 

Open spaces with little or no 
vegetation 

-0.74 -0.93 -0.81 -0.40 0.99** -0.91 -0.24 

Pastures -0.28 -0.61 -0.99 0.13 0.86 -0.99 -0.71 

Natural páramo (Shrub and/or 
herbaceous vegetation) 

-0.52 -0.80 -0.94 -0.13 0.96 -0.99 -0.50 

Temporary crops 0.30 0.62 0.99 -0.12 -0.87 0.99 0.70 

 

3.4 Discussion  

Passive ecological restoration as a NbS measure in water-rich ecosystems affected by 

anthropogenic pressures, such as páramo, requires a clear understanding of these ecosystems 

as complex biophysical arrangements that interact with PESTEL contexts to influence NbS 

performance.  

Several studies indicate that since the 20th century, initiatives for sustainable land and 

water management, including passive ecological restoration, have been introduced at both 

national and local levels as strategies to reduce land degradation in páramo ecosystems and 

ensure water supply for Andean communities.  

3.4.1 National-level strategies failing passive ecological restoration 

The creation of protected areas (Echavarria, 2002; Joslin & Jepson, 2018), river basin 

management approach (Hoogesteger et al., 2016; Warner et al., 2014), and NbS such as 

passive ecological restoration (Brauman et al., 2019; Castanier, 2015; Wiegant, 2022), have 

been launched as this level across several páramos. However, our PESTEL analysis and 

corroborating studies demonstrate that many of these efforts have not been achieved due to 

their linkage to top-down management (national-level strategies) that do not fit local needs. 

For instance, protected areas managed face difficulties in addressing the complex 

transformations in páramo areas due to the national government’s lack of active management 
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and control over the territory, as well as limited financial resources (Echavarria, 2002; Joslin 

& Jepson, 2018). Similarly, river basin management initiatives, like those experienced in 

UCutuchiRB, as noted by Warner et al. (2014), have been largely ineffective in Ecuador 

because without the government’s attaching political significance to this management scale, 

it is almost doomed to fail from the beginning. Regarding water-related ecological restoration 

efforts in Ecuador, research by Wiegant (2022) and Wiegant et al. (2020) shows that short-

term electoral cycles and the desire to meet short-term political interests conflict with long-

term restoration timelines. 

Due to the ineffective implementation of land and water management strategies 

identified, large areas of Ecuador’s páramo continue to be used and expanded primarily for 

extensive cattle ranching, large-scale agriculture, mineral extraction, and afforestation 

(Brück et al., 2023; Mosquera et al., 2023; Thompson et al., 2021). We observed that the 

natural páramo areas in the UCutuchiRB in 2022 covered only 31.6%, in contrast to the 

UPitaRB, which maintained 73.4% natural páramo. Similar results for natural páramo 

remnants (~30%) in central and southern Ecuador were obtained by García et al. (2019, 

2020), where large-scale agriculture, cattle ranching, and forestry are present despite the 

establishment of protected areas. 

The intensive páramo exploitation poses a significant threat to water security, given 

that even minor changes cause impacts on water quality. Rey-Romero et al. (2022) found that 

a small change of 15% from natural páramo to agricultural land use impairs water quality for 

drinking water sources through increased turbidity and fecal coliform levels. These findings 

align with the ecological conditions in the UCutuchiRB, where the water quality for drinking 

and irrigation is poor and marginal, respectively, both inside and outside protected areas 

(Acosta, 2018; Quishpe, 2018; Rojas, 2020; Zapata et al., 2021). In UCutuchiRB, the pine 

plantations cover significant areas of páramo areas, which our study identifies as the main 

class to predict high levels of total phosphorus and total dissolved solids in the basin. The 

presence of high concentrations of phosphates in the basins can be related to fertilizer 

management practices such as urea or superphosphate application (Lebron et al., 2012; Shah 
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et al., 2022). In addition, livestock, mining, and urban systems adjacent to water courses have 

an impact on the input of materials to rivers and, therefore, also influence water quality 

(Cheng et al., 2022; Stenfert Kroese et al., 2020). Thus, Zapata et al. (2021) and Rojas (2020), 

based on a review of technical documents, found low concentrations of dissolved oxygen and 

high levels of fecal coliform, total dissolved solids, and turbidity in UCutuchiRB for drinking 

and irrigation water uses, respectively, in line with our results. 

3.4.2 Local-level strategies promoting passive ecological restoration 

In contrast, páramos like the UPitaRB implemented partially passive ecological 

restoration through bottom-up management (local-level strategies) to sustain mainly Quito’s 

drinking water (Brauman et al., 2019; Castanier, 2015a; Coronel, 2019; Kauffman, 2014). 

Thus, at the political, social, and economic level, páramo headwater management and 

financial support directly relied on local utility companies, private and public water users, 

NGOs, and a Water Fund (Bremer et al., 2016; Coronel, 2019). At the economic and 

environmental level, given the limited financial resources and the fragility of the páramos, 

choosing passive ecological restoration was a key strategy. This strategy is much more cost-

effective and requires less time than active restoration (Trujillo-Miranda et al., 2018). 

Passive ecological restoration is especially effective for headwater streams to support 

high water quality conditions often found in these streams, typically situated in isolated areas 

away from populated areas (Haigh & Křeček, 1991; Taniwaki et al., 2019; Trujillo-Miranda 

et al., 2018). Furthermore, passive ecological restoration supports the achievement of several 

SDGs by promoting sustainable and efficient use of natural resources (target 12.2; SDG 12) 

(Groll, 2017), restoring aquatic ecosystems (target 6.6; SDG 6) (Kauffman, 2014), promoting 

the conservation of mountain ecosystems (target 15.4; SDGs 15) (Brauman et al., 2019), and 

reducing land degradation (target 15.3; SDG 15) (Muller et al., 2016). Additionally, it 

supports access to adequate, safe, and affordable basic services, focuses on impoverished 

neighborhoods (target 11.1; SDGs 11) (Castanier, 2015), and enhances local community 

livelihoods (target 1.4 SDG 1) (Coronel, 2019). 
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As a result of implementing passive ecological restoration in 50% of the basin, the 

UPitaRB maintained 73.4% natural páramo, excellent water quality for drinking water 

sources, and good water quality for irrigation sources until 2022. Equivalent results were 

obtained by García et al. (2020), who identified a páramo coverage of 74% in Cajas National 

Park and excellent water quality, where the implementation of strategies follows the UPitaRB 

management approach (Ministerio del Ambiente, 2018). In terms of investing in passive 

ecological restoration, Brauman et al. (2019) anticipate a positive financial return over the 

next twenty 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. Although there is no strong correlation between the impact of 

natural páramo on water quality parameters in UPitaRB in our study, this does not necessarily 

mean that the restoration has failed. Muller et al. (2016) recommend understanding the effects 

of passive ecological restoration on water quality by recognizing the complex nature of water 

quality as a dynamic watershed-scale process. Furthermore, passive ecological recovery 

takes time, even under optimal conditions, so relying solely on natural recovery processes is 

often seen as too slow and uncertain to meet the timelines and performance expectations of 

decision-makers (Zahawi et al., 2014). 

Ongoing efforts to sustain aquatic ecosystem health are vital for long-term 

sustainability, and any interruption in these endeavors jeopardizes the progress made so far   

(Wang et al., 2016). Castillejo et al. (2018) found that the areas of the Pita River Basin with 

passive ecological restoration exhibited higher water quality compared to those without such 

interventions. The latter areas displayed lower water quality characterized by high levels of 

total phosphorus, high turbidity, and low dissolved oxygen levels associated with more 

populated zones. Although our findings suggest that temporary crops primarily negatively 

affect water quality parameters in UPitaRB forests, and open spaces with little or no 

vegetation could also contribute to this impact. For instance, open spaces with little or no 

vegetation (including bare rocks, sparse vegetation, and burned areas) could affect turbidity 

levels identified in UPitaRB and have been reported in similar studies by Carrillo & Díaz-
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Villanueva (2021) and Chen & Chang (2023). Moreover, with the surge in afforestation in 

the UPitaRB, future research should prioritize the identification of tree species driving forest 

change. Pinus radiata and Pinus patula plantations are prevalent in páramo ecosystems. 

However, Mosquera et al. (2023) recommend investigating the impacts of other exotic 

(Cupressus and Eucalyptus) and native (Polylepis) plantations on water resources. This 

information can be valuable in understanding the direct impact of plantations on ecosystem 

water quality and can compel the adoption of sustainable management strategies. 

3.5 Conclusions 

Passive ecological restoration through bottom-up management in páramo ecosystems 

emerges as an effective NbS to mitigate widespread land and water degradation, shaped by a 

complex interplay of PESTEL factors since the 20th century. Over seven years (2010-2017), 

bottom-up management facilitated the recovery of up to 9.1% of the natural páramo while 

sustaining the capacity of headwater to provide safe drinking and irrigation water. Although 

our study did not reveal a strong correlation between restoration and water quality 

parameters, this does not necessarily indicate that restoration efforts have failed. Rather, it 

suggests the need for further investigation into potential influencing factors. 

Conversely, top-down management, characterized by national-level strategies, lacks 

the legal, economic, and political interconnections necessary for successful passive 

ecological restoration in páramo ecosystems. Based on this management, several Ecuadorian 

páramos have lost up to 30% of their natural páramo vegetation, coinciding with an expansion 

of pine plantations and elevated total phosphorus levels in the basins. Additionally, 

agricultural and mining activities also contribute to the deterioration of water source 

quality. Given the severe degradation of páramo ecosystems, passive ecological restoration 

alone may not suffice to mitigate environmental impacts. Therefore, exploring alternative 

NbS or conventional methods, or their combination, is advisable to enhance the restoration 

process. 
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By integrating diverse data sources and methodologies, our findings provide valuable 

insights for decision-makers. However, challenges related to limited data availability 

underscore the need for future research to obtain continuous, representative, and accurate 

datasets to ensure the validity of our results. In particular, long-term monitoring programs 

are needed to assess surface water quality and conduct spatial analyses of LULC in páramos.  
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Chapter IV: Integrating community knowledge into nature-based 

solutions for the sustainability of water ecosystem services: Insight from 

local communities in Ecuador 

This chapter is published as: 

Fonseca, K., Espitia-Sarmiento, E. F., Ilbay-Yupa, M., & Breuer, L. (2024). Integrating 

community knowledge into nature-based solutions for the sustainability of water 

ecosystem services: Insight from local communities in Ecuador. Frontiers in 

Sustainability, 5, 1491776. https://doi.org/10.3389/frsus.2024.1491776 

 

Abstract 

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 
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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. 

4.1 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 (Culhane et al., 2019; Grizzetti et al., 

2016), 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 & Marques, 2022; Souliotis & 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 & 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 & García, 2022) are some of the benefits highlighted by NbS. 
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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 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 (Benvenuti et al., 2018; Cui et al., 2022). 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 maximise 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 & 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 & 

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).  
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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 & 

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).  
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4.2 Materials and methods 

4.2.1 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 (Fig. 4-1). In these provinces, three major river basins (Guayas, Esmeraldas, and 

Pastaza) emerge, housing 68% of the Ecuadorian Andean population (INEC, 2022). 

 

Fig. 4-1. 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 
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Ecuador’s top provinces for chronic malnutrition in children under five, with rates of 35.2%, 

35.1%, and 31.8%, respectively (INEC, 2019). 

4.2.2 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 (Fig. 4-1). 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 (Hofstede et al., 2014; SENAGUA, 2021), 

several studies indicate that their degradation threatens their sustainability (García et al., 

2019; Mosquera et al., 2023; Thompson et al., 2021; 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). 

4.2.3 Multi-stakeholder participation 
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Representatives of local communities, alongside decentralised 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 organisation (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 emphasises 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). 

4.2.4 Developing a framework for NbS adaptation  

We applied Albert et al.’s (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 & 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 thei r 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. 

4.2.5 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 
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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.  

4.2.6 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 utilised 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 visualised 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 
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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). 

4.3. 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 

(Fig. 4-2), along with NbS adapted to these dimensions through a bibliometric analysis. 

Combining these results with discussion extends the applicability to countries facing similar 

contexts. 

4.3.1. The PESTEL dimensions in the water ecosystem services’ sustainability 

• 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 (Nahuelhual et al., 

2018; Salmoral et al., 2018). Similarly, the limited local community participation in 

ecosystem management (P3) exacerbates these challenges from a multi-stakeholder 
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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. 

• Economic (Ec) dimension 

The limited governmental financial support (Ec1), as recognised 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 (UNEP, 2023; Wiegant et al., 

2020). 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 centres (Ec2) impacts local communities. Policies at the national 

government level in environmental protection, as described by Chen et al. (2019), frequently 
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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% (EPMAPS, 2021; Vinueza et al., 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 

& Coppens, 2023) and the extended waiting period (five to ten years or more) before reaping 

the benefits (Hudson et al., 2023), hinder environmental investment. 

• 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 centres 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 

urbanisation 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 & Buchecker, 2008). As 

indicated by Jourdain et al. (2023), recognising the environmental effects of protecting 

aquatic ecosystems is challenging, given that the outcomes heavily rely on the diverse 
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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).  

• 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 (Apostolaki et al., 2019; Grigg, 2016; 

Jourdain et al., 2023). Strategies to address this data problem, such as governments 

embracing mandatory environmental information disclosure, have emerged worldwide (Chen 

& 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 (Glaser et al., 2021; Grigg, 2016). 

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 (Glaser et al., 2021; Grigg, 2016).  

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. 
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Fig. 4-2. NbS to sustain water ecosystem services embedded in the local communities’ 

PESTEL dimensions 

• 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 

s 
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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., 2020b). 

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, Ilbay, 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 fertiliser 

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 & Meals, 1989; Rey-Romero et al., 2022). New data from Lu and Tian (2017) show 

that the use of N and P fertilisers 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 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, urbanisation significantly modifies the hydrology of basins and 
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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 (Capparelli et al., 2020; 

Vinueza et al., 2021). 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). 

• Legal (L) dimension 

The right to use water must be addressed by water law so that people and 

organisations 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 (Jourdain et al., 2023; UN-Water, 2016). 

A significant challenge in regulation is that it aims to enforce laws to control behaviour 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, specialised 
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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 favoured 

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 (Coronel, 

2019; Partridge, 2016; Wiegant, 2022). 

4.3.2. 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 Fig. 

4-2, water quality in Fig. 4-3, restoration in Fig. 4-4, and governance in Fig. 4-5, 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 

characterised 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 (Fig. 4-2). 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 (Fig. 4-2). 

• Macrophyte-based technology 

The term macrophyte in Fig. 4-3 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 
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nitrogen, chemical oxygen demand, biochemical oxygen demand, turbidity, heavy metals, 

and macrophytes (Canna and Juncus), lead to characterise 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 (Afzal et al., 2019; Colares et al., 2020; Prashant & Billore, 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) (Fig. 4-2).  

 

Fig. 4-3. Choosing “macrophyte” in the AFIs network view map highlights connected items.  

The low operating cost of AFIs is due to the high removal efficiency, mainly 

dependent on macrophytes (Cui et al., 2022; Samal, 2019; Souliotis & Voulvoulis, 2022; 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 (Benvenuti et al., 

2018; Cui et al., 2022). 
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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 (Chance et al., 2022; De Stefani et al., 2011; Samal, 2019). 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 (Hwang et al., 2020; Tanner & Headley, 2011; Yeh et al., 

2015). 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 & Billore, 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) (Olguín et al., 2017; Prashant & 

Billore, 2020).  

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).   

• 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 Fig. 4-4. This guided the alignment of AFIs for 
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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 centres (Ec2), as shown in Fig.4-6. 

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). 

 

Fig. 4-4. Choosing “water quality” in the AFIs network view map highlights connected items. 

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 & Billore, 2020), providing water for agriculture (Fonseca et al., 2020) and fisheries 
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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 fibre, 

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 & 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 (Barco 

& Borin, 2020; Hwang et al., 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 
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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 (Barco & Borin, 2020; Samal, 2019). 

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-fertiliser, 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).  

• A mechanism for promoting natural regeneration of headwater vegetation 

In Fig. 4-5, 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 (Fig. 4-2). 

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 (Buytaert et al., 2007; 

Taniwaki et al., 2019; Trujillo-Miranda et al., 2018). Headwater streams are characterised 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 & 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 
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restoration often occurs only on a short river section (Jähnig et al., 2010; McIver & Starr, 

2001; Prach & 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).  

 

Fig. 4-5. Choosing “restoration” in the passive river network view map highlights connected 

items 

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 prioritise 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 one meter away from the river bank. Therefore, it is 
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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).  

• A strategy for governing water ecosystem services 

In Fig. 4-6, 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 Fig. 4-2. 

Along a headwater stream, interactions between the stream and riparian area are 

tightly coupled (Richardson & 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 (Brauman et al., 2019; Mosquera et al., 2023). 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; Khorchani et al., 2022; Mosquera et al., 2023) 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). 
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Fig. 4-6. Choosing “governance” in the passive river restoration network view map 

highlights connected items. 

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 (Brauman et al., 2019; Castanier, 2015; Coronel, 

2019). 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 twenty 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 (Csákvári et al., 

2022; Khorchani et al., 2022; Sippi & Parmar, 2024). 

4.3.3 Future research directions for AFIs and passive river restoration 
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The network view maps of AFIs and passive river restoration facilitated alignment 

with multiple PESTEL dimensions of local communities (Fig. 4-2). 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 & 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 (Fig. 4-2). 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 mobilising and sharing knowledge, expertise, technology, and 

financial resources, AFIs support the achievement of these SDGs. 
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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 Fig. 4-2 

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 favouring 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. 

4.4 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 indirect ly 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 
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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 benefi ts of 

AFIs and passive river restoration for water ecosystem services and advocates their 

integration into conservation and restoration projects. 
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