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Abstract
One key challenge of water resources management is the identification and processing of the information necessary for 
decision-making. This article aims to provide avenues for translating a ‘water scarcity–water reuse’ (WS–WR) situation 
into an information system. It is dedicated to supporting an integrated assessment in decision-making with the final goal of 
optimising water scarcity risk reduction and water reuse sustainability. The approach combines the following two strands: (1) 
specific interpretation of systems thinking and (2) systemic characterisation and interlinkage of indicators. The result is an 
analytical concept that translates the WS–WR situation into an information system consisting of two structured components, 
a multi-layer (ML) and a lane-based (LB) approach. While the multi-layer approach supports the description of the elements 
of the biophysical and information systems such as endpoints and descriptors, respectively, the lane-based approach aids 
in understanding the importance of indicators within the entire system and their distribution across risk and sustainability 
realms. The findings from a generic exemplification of the analytical concept depict the feasibility of identifying system-
based endpoints representing the WS–WR situation and their translation via descriptors to an interlinked indicator set to 
jointly assess water scarcity risk and sustainability of the water reuse measures. Therefore, this analytical concept supports 
addressing the water resources management information challenge via a structured representation of the system’s complex-
ity and the quantification and visualisation of interlinkages between the social, economic, and environmental dimensions of 
water scarcity risk and water reuse sustainability.

Keywords Water scarcity · Water reuse · Decision-making · Systems thinking · Indicator interlinkage · Sustainability 
assessment

Introduction

A challenging situation that decision-makers around the 
world face is to provide sufficient water in water-scarce 
areas. One solution is water reuse, i.e., the use of treated 
wastewater to supply water demands (FAO 2017; Voulvoulis 
2018). Decision-makers here are tackling the issue of reduc-
ing the risk from decreasing or chronically lacking water 
quantities to meet human demand while providing sustain-
able solutions. The authors showed that an integrative way of 
thinking enables an inclusive decision in this context rather 
than sticking with the following two separated decisions: 
one on the reduction of risk and one on sustainable solutions 
(Müller et al. 2020). Accordingly, an integrated risk and sus-
tainability assessment (RSA) framework has been proposed 
to analyse and evaluate data and information relevant from 
both spheres of knowledge resulting in one consolidated 
decision (ibid.). While this framework conceptually proves 
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the possibility of integrating information from these two 
realms in a comprehensive manner, it still faces the issue 
of translating data into appropriate information. The latter 
particularly means how to choose the ‘right’ indicators for 
the assessment and hence the decision-making.

To carry out comprehensive risk and sustainability assess-
ments for water resources management requires understand-
ing complex interrelations between humans and the natural 
environment (Simonović 2009). Research in the fields of 
environmental and natural resources management (e.g., 
Speelman et al. 2007; Seiffert and Loch 2005) and specifi-
cally in water resources management (e.g., Simonović 2009; 
Davies and Simonovic 2011; Kotir et al. 2016), including 
risk- and sustainability-related studies, has highlighted the 
value of systems thinking in addressing complexity (e.g., 
Seiffert and Loch 2005; Di Baldassarre et al. 2013; Onat 
et al. 2017; Mai et al. 2020; Rubio-Martin et al. 2020). 
These approaches aim at reducing the complicatedness of 
real-world situations by interpreting them as a system, i.e., a 
sequence of interconnected elements functioning as a whole 
(Smithson et al. 2008). They support the representation of 
the situation and understanding of developments by (a) cap-
turing the complexity and providing a big picture (Speel-
man et al. 2007; Rhoades et al. 2014), and (b) describing 
dynamics (Davidson and Venning 2011; Kotir et al. 2016; 
Mai et al. 2020). However, the interpretation (representa-
tion and understanding) as a system is strongly dependent 
on the involved scientists, experts, and actors, their field of 
knowledge, and their level and kind of expertise (Zamagni 
et al. 2013; Dalal-Clayton and Sadler 2014; Ricart 2016). 
Thus, the same situation may lead to different representa-
tions that drive indicator selection, where indicators critical 
for decision-making may be overlooked.

Therefore, bridging a systems view, ideally derived 
in an inter- and transdisciplinary setting (Bennich et al. 
2020), with traditional risk and sustainability assessments 
may support a consistent selection of indicators for ‘water 
scarcity–water reuse’ (WS–WR) situations. Insights on the 
types of indicators can show representation issues, e.g., of 
the dimensions of sustainability (e.g., Strezov et al. 2017; 
Oliveira Neto et al. 2018). Moreover, the analysis of the 
interlinkages between indicators may help identify which 
ones are critical to put in extra effort for data collection. 
The latter is supposed to help decision-makers focusing their 
resources on collecting representative and critical informa-
tion about the situation, enabling them to see both the system 
as a whole and interlinkages that may not have been obvious.

This article aims to provide avenues for translating a 
WS–WR situation into an information system. It is dedicated 
to support an integrated RSA to optimise water scarcity risk 
reduction and water reuse sustainability, as described in 
Müller et al. (2020). The approach combines two strands: 
(1) specific means of systems thinking for system analysis 

and (2) systemic characterisation and interlinkage of indica-
tors for the construction of an information system.

The reader can expect a conceptual and methodical article 
that presents the derivation of an analytical concept and its 
exemplification in a generic WS–WR situation. Sect. "RSA 
framework for a WS–WR situation" briefly introduces the 
RSA framework as proposed by Müller et al. (2020). Sec-
tion “Systems thinking in a WS–WR situation" describes 
the interpretation and translation of the situation via a multi-
layer approach, while section “Characterisation and inter-
linkage of indicators” expands the analysis via a lane-based 
approach. Section “RSA analytical concept and exemplifica-
tion" derives the overall analytical concept and an exempli-
fication of the two approaches. Sections “Discussion” and 
“Conclusions” further reflect on the analytical concept and 
its outlook.

RSA framework for a WS‑WR situation

The current work builds on the conceptualisation of the RSA 
framework for the integrated assessment of water scarcity 
risk and water reuse sustainability (Müller et al. 2020). Risk 
of water scarcity is understood as the probability of insuf-
ficient water quantity to fulfil human demand, where the 
hazard refers to a decrease in the quantity of water resources 
for human use, the exposure to the spatial and temporal 
interrelation of available resources and human demand, and 
the vulnerability to the human demand of water resources. 
Sustainability of water reuse refers, in said publication, to 
contribute fulfilling people’s water demand, the ability of the 
environment to provide water and its protection from pol-
lution via contaminant-free and ready-to-use treated waste-
water, while ensuring economic feasibility and socially just 
allocation of resources. The framework with the aforemen-
tioned key concepts is used in the current article to guide an 
overall analytical concept for deriving, characterising, and 
interlinking indicators.

The systems view of the RSA framework bears on a cou-
pled human and natural system (CHANS). It differentiates 
between the biophysical system of the human–nature interre-
lations and the immaterial aspects of the human sub-system. 
This allows to portray material flows according to four water 
flow categories (source, use, treatment, and reuse) on the one 
hand, and the respective stakeholders with their interactions 
on the other (ibid.). In the current article, these two tiers 
form the basis for the differentiation between a biophysical 
system interpreting the water and water-related matter flows 
(section “Systems thinking in a WS–WR situation”) and its 
translation in an information system with the characterisa-
tion of indicators and their interlinkages (section “Charac-
terisation and interlinkage of indicators”).
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The information system supports the decision-mak-
ing process with its continuous exchange of information. 
According to typical assessments, the RSA has been struc-
tured in a two-task procedure: analysis and evaluation (see 
Fig. 1). In the analysis, the WS–WR situation is addressed 
by (1) identifying its relevant elements (step 1.1) and (2) 
interpreting the situation and interrelations between these 
elements (step 1.2). The analysis results provide the infor-
mation necessary for evaluating the water scarcity risk and 
sustainability of the water reuse measure, bridging the aim 
and the evaluation within the decision-making process.

So far, the conceptual framework of Müller et al. (2020) 
could not provide further details on how to derive and organ-
ise the information in the analysis to support an appropriate 
evaluation. Thus, the current article elaborates on an explicit 
translation from the biophysical (step 1.1) to the information 
(step 1.2) system.

Systems thinking in a WS–WR situation

On the one hand, systems thinking is generally recognised 
for addressing complexity (Seiffert and Loch 2005; Nguyen 
et al. 2015), especially when it comes to the structure, pro-
cesses and interactions between human and nature for the 
design, planning and implementation of effective interven-
tions (Alberti et al. 2011; Binder et al. 2013; Rhoades et al. 
2014; Lawrence et al. 2020). Whether it is via social-eco-
logical systems -SES- (e.g., Ostrom 2009), coupled human 
and natural systems -CHANS- (e.g., Liu et al. 2007), or 
human–environment systems -HES- (e.g., Scholz 2011), to 

mention a few, these approaches aim at improving the under-
standing of the situation’s complexity. On the other hand, 
risk and sustainability assessments provide information on 
the situation to support decision-making. They do not aim 
to generate just any knowledge about the WS–WR situation 
but rather targeted knowledge by processing information, in 
this case, related to risk and sustainability, to evaluate the 
performance of the situation. Hence, how could the infor-
mation of a system’s interpretation be analysed to support 
the evaluation?

The following subsections describe which elements of the 
WS–WR situation should be identified for an interpretation 
as a biophysical system and its translation into an informa-
tion system for decision-making.

Identifying elements of a WS–WR situation and its 
interpretation as a system

System dynamics approaches, e.g., Causal Loop Diagrams 
(CLD) and Stock-Flow Diagrams (SFD), focus on the inter-
relation of the system’s elements as a means of represent-
ing real-world processes and analysing their behaviour over 
time (Sterman 2000; Winz et al. 2009; Schlüter et al. 2014). 
Causality interrelations between the elements allow defining 
balancing and reinforcing loops that characterise this behav-
iour (Lin et al. 2020). In water resources management, they 
have been used for identifying key elements (e.g., Simonović 
2009; Wu et al. 2020; Yazdandoost et al. 2020) with a focus 
on biophysical aspects (Kotir et al. 2016).

Thus, the first step in advancing the WS–WR situa-
tion's conceptualisation as a CHANS is to identify relevant 

Fig. 1  Integrated RSA framerwork comprising analysis and evaluation (Müller et al. 2020; modified)
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biophysical elements of water scarcity and water reuse 
(step 1.1). These elements are named here endpoints—to 
differentiate them from the information system’s elements—
and represent the state or performance of system processes 
as system variables. They need to be identified during a 
system analysis by researchers or expert practitioners and 
represent all water flow categories (source, use, treatment 
and reuse). To do so, they can rely on a literature review 
for a top-down approach or engage in a variety of multi-, 
inter-, or transdisciplinary activities with different levels of 
participation for a bottom-up approach (e.g., focus groups, 
surveys, interviews) (e.g., de Vente et al. 2016; Horlings 
et al. 2020). Common elements that could be identified as 
endpoints are also found in SFDs. Endpoints of a system for 
a WS–WR situation include, e.g., available water resources, 
supplied water resources, available treated wastewater (more 
examples are found in section  “RSA analytical concept and 
exemplification” and S2).

Translation of the CHANS into an information 
system

Descriptors for the translation of the system

Identifying the endpoints allows advancing towards a 
focused representation of the situation to understand 
the water-related processes. However, this representa-
tion remains at the biophysical level pushing towards the 
well-recognised challenge of interrelating the social, eco-
nomic, and environmental aspects (Seiffert and Loch 2005; 
Simonović 2009) (step 1.2 of the analysis). This challenge 
seems to be enhanced if the relevant knowledge is widely 
distributed across disciplines (Sterman 2012; van Vuuren 
et al. 2016; Onat et al. 2017). Under the frame of an RSA, 
this mainly entails determining which social, economic and 
environmental information related to the endpoints should 
be considered to support decision-making from the perspec-
tives of risk and sustainability. This means translating the 
biophysical system perspective into an information system 
with the respective information elements. This information 
system refers here to a conceptualisation of organised infor-
mation used by the RSA.

Therefore, the use of descriptors is proposed. They are 
understood as thematic conceptualisations of the meaning 
of the endpoints, taking (key) system functions or services 
into account accordingly (e.g., water resources available for 
human use – see example in section “RSA analytical concept 
and exemplification”  and S2). In other words, descriptors 
connect the biophysical aspects with the immaterial aspects 
of the CHANS, in that, endpoints represent the biophysical 
elements of the CHANS and descriptors the guiding ele-
ments of the information system. They should be defined by 
researchers or expert practitioners depending on the interest 

and contextual characteristics of the case, aiming at answer-
ing, e.g., which information related to the biophysical end-
point is relevant from a social, economic and environmental 
perspective in terms of risk and sustainability? The answer, 
and hence the descriptor, needs not yet to be as specific as an 
indicator to allow for an operationalisation with alternative 
indicators. As with the endpoints, this relies on top-down or 
bottom-up approaches such as literature or workshops and 
surveys, respectively.

Indicators to operationalise the descriptors

Provision of descriptive and partly not directly observ-
able information in a classified manner is commonly made 
through indicators based on one or several attributes fol-
lowing specific algorithms (see more about the attributes 
in section “Characterisation and interlinkage of indicators”). 
In the case of the RSA, indicators generally employed for 
monitoring and evaluating the risk of water scarcity and sus-
tainability of water reuse can be used to specify descriptors. 
Hence, indicators here are understood as information ele-
ments that operationalise the descriptors for the respective 
social, economic, and environmental dimensions. With the 
use of indicators, it is possible to compare elements that con-
tribute to informing about the level of fulfilment of social, 
economic, and environmental requirements to reduce the 
risk and increase the sustainability.

The multi‑layer approach: Translation of the CHANS 
into an information system

Overall, the translation into an information system relies on 
endpoints (CHANS biophysical elements) and descriptors 
and indicators (information elements), where one endpoint 
can have one or more descriptors, and one descriptor one 
or more indicators (see Sect. “RSA analytical concept and 
exemplification” and S2). The traditional system dynamics 
visual representations (see Sect. “Identifying elements of a 
WS–WR situation and its interpretation as a system”) do not 
fully represent this translation. However, multi-layer (ML) 
diagrams appear helpful as they use layers to portray sequen-
tial or hierarchical order, e.g., different scales (e.g., Alcamo 
2003; Ewert et al. 2006), or different perspectives of the 
same basis layer (e.g., Basurko and Mesbahi 2014; Rikalovic 
and Cocic 2014). These representations have been widely 
used in social sciences (e.g., Bródka and Kazienko 2018; 
Di Gregorio et al. 2019), natural sciences (e.g., Rikalovic 
and Cocic 2014; Vermeulen et al. 2020), and particularly 
in engineering and computer sciences as “multi-layer net-
works” (e.g., Kivela et al. 2014; Wu et al. 2019).

Thus, for the RSA analysis task, an ML view helps con-
ceptually capturing the translation into an information sys-
tem, as shown in Fig. 2. The layers can be understood as the 
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interpretation of the biophysical system through the lenses 
of risk and sustainability and the views of social, economic, 
and environmental dimensions. This way, the ML approach 
provides a structure that differentiates the biophysical and 

the information perspectives while recognising their com-
mon origin. Moreover, it mirrors and translates the immate-
rial perspective by an indicator-based information system. 

Fig. 2  Representation of the multi-layer (ML) approach

Table 1  Information that can be derived from the information system

Indicator type

Dimension Risk
Risk and 

sustainability
Sustainability Intra-dimensional interlinkages 

Social So-R indicators So-RS indicators So-S indicators Social performance

Economic Ec-R indicators Ec-RS indicators Ec-S indicators Economic performance

Environmental En-R indicators En-RS indicators En-S indicators Environmental performance

Inter-

dimensional

interlinkages

Risk-related 

performance

Sustainability-

related 

performance

Risk- and sustainability-related 

social, economic, and 

environmental performance

So Social, Ec Economic, En Environmental, R Risk, S Sustainability, RS Risk and sustainability
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This offers an alignment between the analysed WS–WR situ-
ation and the information for decision-making.

Characterisation and interlinkage 
of indicators

So far, relevant information elements (indicators) have been 
identified via the ML translation approach. However, knowl-
edge about the indicators and their interlinkages can support 
the construction of the information system. For the RSA, 
identified social, economic, and environmental indicators are 
characterised as risk-related (R-indicators), sustainability-
related (S-indicators), and indicators that are used both in 
risk and sustainability assessments (RS-indicators), i.e., nine 
different types of indicators (see Table 1). Depending on 
the number of indicators identified, their distribution across 
dimensions may vary.

Interlinkages may exist within each dimension (intra-
dimensional) and across them (inter-dimensional). In line 
with the indicators’ characterisation mentioned above, four 
sorts of interlinkages are possible: (1) between two risk 
indicators (R–R), (2) between two sustainability indicators 
(S–S), (3) between risk and sustainability indicators (R–S), 
and (4) between two RS-indicators (RS–RS). As long as no 
directionality is specified, R–S is equal to S-R. For the case 
of interlinkages between RS-indicators with R-indicators or 
S-indicators, they should be counted as R–R and S–S inter-
linkages, accordingly.

Based on the different dimensions and types of indica-
tors and interlinkages (see Table 1), it is possible to obtain 
information about (a) the general social, economic, or envi-
ronmental performance when looking within each dimen-
sion, e.g., the social performance in terms of social risk of 
water scarcity and sustainability of water reuse (last col-
umn); (b) the general water scarcity risk-related or water 
reuse sustainability-related performance when looking at 
inter-dimensional- and indicator-type-specific interlinkages, 

e.g., social, economic, and environmental water scarcity 
risk-related performance (last row); and (c) about the entire 
system from both views including all types of indicators and 
interlinkages (bottom right corner). The latter suggests being 
the most challenging to process, given all types of indica-
tors and interlinkages. Additionally, the mentioned informa-
tion can be systematised in terms of (i) type and number of 
indicators, (ii) type and number of interlinkages, and (iii) 
indicator’s connectivity (ratio of interlinkages per indicator).

Type and number of indicators

Following the ML approach, different types of indicators 
are identified for the respective descriptors and character-
ised as mentioned above. The distribution of those indi-
cators across the sustainability dimensions and the water 
flow categories may vary, allowing the identification of 
data-intensive areas of the information system, i.e., where 
more data needs to be collected to provide the required 
information. On the one hand, variation within each 
dimension or layer can indicate data-intensive categories. 
On the other hand, when comparing all the layers, it is 
possible to analyse contrasting distributions and the most 
data-intensive dimension. The same can be observed for 
contrasts between risk- and sustainability-related indica-
tors, e.g., a greater number of R- over S-indicators.

Type and number of interlinkages

Knowing the different types of interlinkages and their 
share can be a starting point towards deriving a correlation 
between, e.g., risk of water scarcity and sustainability of 
water reuse (at least in terms of the data required). Again, 
this analysis involves counting the number of intra- as well 
as inter-dimensional interlinkages. As long as there is no 
causality analysis between the indicators, it is impossible 
to define the direction of the influences (i.e., influenced or 

Table 2  Information about type and number of interlinkages

Information derived from the information system Relevance for decision-making

(1) Share of intra- and inter-dimensional interlinkages Indicate whether elements are likely to change due to intra-dimensional 
aspects, e.g., if social aspects are highly influenced by/influencing 
other social aspects, or if social, economic, environmental perfor-
mance is highly interdependent

(2) Share of the types of interlinkages at different levels Indicate how risk of water scarcity and sustainability of water reuse are 
correlated

(3) Share of dimension-specific indicator’s involvement in intra- and 
inter-dimensional interlinkages and over the total number of inter-
linkages in the system

Indicate the role of social, economic, and environmental indicators in 
the system's performance, as being decisive elements within their 
specific dimensions or to other dimensions

(4) Share of dimension-specific indicator’s involvement in the different 
types of interlinkages

Indicate the role of specific indicators within the risk perspective, the 
sustainability perspective, or the correlation between risk and sustain-
ability
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influencing). Table 2 shows, in general, the information 
that can be drawn from this analysis and its relevance for 
decision-making. This can be used to define the information 
system in terms of the interlinkage between the social, eco-
nomic, and environmental dimensions, as well as between 
risk and sustainability (as introduced in Table 1).

Indicator connectivity

A rough calculation of the ratio between the number of 
indicators and the number of interlinkages leads to the 
indicators’ connectivity. Connectivity can be calculated 
for (i) dimensions, e.g., number of social indicators over 
the number of interlinkages involving social indicators, 
(ii) risk and sustainability indicators, and (iii) the dimen-
sion-specific risk and sustainability indicators for a more 
detailed analysis, e.g., to find the most interlinked indica-
tors. This defines the role that a specific type of indicator 
plays in the performance of the system, for each dimension 
and also for the risk and sustainability perspectives.

Based on the above, most interlinked indicators (MII) 
can be identified, i.e., indicators highly influenced by or 

influencing the system. Thus, if there are changes in the 
scores1 of other indicators, it is highly likely that these 
MII also change; or if the score of an MII changes it is 
highly likely that the scores of multiple other indicators do 
too. This supports an optimised evaluation of the system, 
prioritising getting data for MIIs over others. It also sup-
ports identifying leverage points for reducing risk of water 
scarcity and increasing the sustainability of the water reuse 
measure. Again, depending on the aim of the study, it is 
possible to find the MII within each dimension, within the 
risk and sustainability perspectives, or both. For instance, 
if the MIIs belong to the social dimension and mainly cor-
respond to sustainability indicators, it calls for focusing 
on interventions that affect these indicators to increase 
sustainability. All of this information requests a structured 
and a compartmentalised approach for its visualisation and 
analysis.

Fig. 3  Lane-based  (LB) approach for visualising the WS–WR infor-
mation system. Schematic representation of an information system 
comprising three social indicators, three economic indicators, and 

four environmental indicators. Indicators are described by attributes, 
and interlinkages represent the use of the same attributes or a direct 
correlation between two indicators 

1 Here score is understood as the quantitative or qualitative measured 
value of an indicator, not referring to their relevance for the system.
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Structuring via a lane‑based approach

The three-dimensional layout of the ML approach might not 
be the best way of clearly visualising all the indicators and 
interlinkages. Here, it appears useful to refer to disciplines in 
business and industrial processes management, where differ-
ent departments, functions, and activities have to be coordi-
nated to provide a final product or service. This also means 
that different “dimensions” have to be portrayed together 
for a comprehensive view of the processes. A widely used 
diagram that portrays this is the Business Process Model and 
Notation (BPMN). While developed around 20 years ago 
(White 2004), it has been further advanced and ratified as a 
standard—ISO/IEC 19,510:2013 (ISO 2013; OMG 2013). 
The main goal is to support the general understandability 
of processes (White et al. 2004; OMG 2013), where activi-
ties are organised within different lanes (OMG 2013). These 
lanes allow a compartmentalised visualisation of the work-
flows, i.e., interactions, between “internal roles (e.g., Man-
ager, Associate), systems (e.g., an enterprise application), 
an internal department (e.g., shipping, finance)” (OMG 
2013, p. 305). Similarly, the RSA analysis aims at provid-
ing decision-makers with an understandable representation 
of the interactions within the WS–WR situation. Therefore, 
it seems suitable to use a lane-based (LB) approach to rep-
resent the different indicator layers resulting from the ML 

approach (i.e., the dimensions of sustainability), as shown 
in Fig. 3.

For the interlinkage analysis, in line with Entity–Rela-
tionship Diagrams (ERD) and Unified Modelling Lan-
guage® (UML®), two standard approaches used to portray 
information systems (Chen 1976; OMG 2017), systems ele-
ments – entities in ERD and classes in UML® – can be 
further disaggregated into their fundamental components 
called attributes. Connections can be established between 
the different elements based on the presence of the same 
attributes or the use of an attribute to derive another. For 
the WS–WR information system, indicators are portrayed in 
terms of their attributes, i.e., the most basic measurements 
used for calculating their score. Then interlinkages could 
be identified between indicators if two indicators have the 
same attribute or if there is a known correlation between 
them or their attributes. Thus, there is a hierarchical order 
between endpoints, descriptors, indicators, and attributes. 
Endpoints are described by social, economic, and envi-
ronmental generic descriptors, which are operationalised 
through indicators that are further defined by attributes. 
The result is a network map that allows following the con-
sequences of the changes in the scores of the indicators for a 
more detailed analysis of the performance of the system (see 
Fig. 3). For instance, if the indicator score changes because 
of one attribute, then the score of other indicators linked to 

Fig. 4  Analytical concept embedded in the RSA framework. Based on Müller et al. (2020)
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this attribute may also change, i.e., variations in one indica-
tor might mean variations of other linked indicators.

RSA analytical concept and exemplification

RSA analytical concept

Based on the described approaches, the analytical concept 
proposed here advances the RSA and the interpretation of 
a WS–WR situation as a CHANS by translating it into an 
information system via an ML approach involving the identi-
fication of relevant endpoints (step 1.1) and social, economic 
and environmental descriptors and their respective indica-
tors (step 1.2). It also proposes to analyse existing interlink-
ages by considering attributes and structure the visualisa-
tion of these interlinkages via an LB approach (step 1.2). 
Figure 4 shows a schematic view of the RSA containing the 
analytical concept, including the final LB grid as the start-
ing point for the evaluation. Since the RSA is not prescrip-
tive regarding the evaluation method, further specification 
exceeds the scope of this publication.

Exemplification of the analytical concept

As mentioned, the interpretation of a situation relies on the 
involved researchers and experts; thus, existing studies of 
specific cases, including water scarcity and water reuse, can 
support a generic but detailed enough exemplification of 
the analytical concept. An overview of the literature shows 
a plethora of risk- and sustainability-related indicators used 
in assessments for water resources management (e.g., Col-
lins and Bolin 2007; Muga and Mihelcic 2008; Juwana et al. 
2012; Damkjaer and Taylor 2017). Rather than a general 
literature review, a systematic search was carried out looking 
for scientific articles that provide a list of indicators used for 
the evaluation of risk of water scarcity and sustainability of 
water reuse. The chosen database was Scopus, considering 
articles written in English before 2020. Table 3 presents the 
search strings and the found records (see the complete list in 
S1). To focus the search and facilitate the filtering process 
the search terms had to be contained in the title. Articles 
were then filtered by title and content according to two inclu-
sion criteria as follows: (1) align with the terminology of the 

RSA (e.g., ‘water scarcity’ instead of ‘water stress’, ‘reuse’ 
instead of ‘reclamation’ or ‘recycling’), and (2) explicitly 
mention the indicators used to evaluate risk or sustainability.

As no articles simultaneously assessing risk of water 
scarcity and sustainability of water reuse were found, three 
scientific articles were selected. On the one hand, risk com-
ponents are covered by Collins and Bolin (2007) referring 
to societal and biophysical indicators to assess vulnerability 
to water scarcity, and by Veldkamp et al. (2016) referring 
to the exposure component of this risk. On the other hand, 
Upadhyaya and Moore (2012) provide a list of indicators to 
assess the sustainability of rural water reuse. These articles 
were found to satisfy the selection criteria.

Based on the information provided in the articles, cor-
responding endpoints and descriptors were derived by the 
authors as well as interlinkages between indicators. The inter-
linkages were identified manually using a matrix for pairwise 
comparison between indicators. Interlinkages were assigned 
based on the following two criteria: (1) the use of the same 
attribute (e.g., use of the attribute ‘total number of housing 
units’ in indicators ‘total housing units’ and ‘mean housing 
value’), or (2) correlations between the scores of the indicators 
(e.g., between ‘quantity of wastewater reused’ and ‘energy 
consumption for reuse component’ or between ‘aesthetics 
(colour, odour)’ and ‘complaints reported to the authority’).

Defining endpoints and translating them 
into an information system

The biophysical system proposed by the authors (Müller 
et al. 2020) was used to specify the endpoints. They mainly 
refer to water quantity aspects in the water flow categories: 
source (e.g., available groundwater), use (e.g., water supply 
and water requirements), treatment (e.g., water in wastewater 
treatment plant—WWTP) and reuse (e.g., treated wastewater 
for reuse). These endpoints were also compared with lit-
erature on system dynamics approaches for water resources 
management (e.g., Winz et al. 2009; Yazdandoost et al. 
2020).

Descriptors were defined for the endpoints and themati-
cally specified based on the RSA information demand as vis-
ible from the indicators gained through the literature review 
(see following sub-section). Table 4 shows selected exam-
ples of endpoints in the different water flow categories and 

Table 3  Literature review search string and results

Water scarcity risk Water reuse sustainability

Search string TITLE ("water scarcity" AND (risk OR vulnerability)) LAN-
GUAGE (English) DOCTYPE (ar) AND EXCLUDE (PUB-
YEAR, 2020)

TITLE ((“water reuse" OR "wastewater reuse") AND 
sustainability) LANGUAGE (English) DOCTYPE (ar) 
AND EXCLUDE (PUBYEAR, 2020)

Search results 26 11
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their respective descriptors, indicators and attributes (see the 
complete list in S2). For instance, in the treatment category, 
the endpoint related to operational aspects of the WWTP can 
be described by health and security issues, operational and 
maintenance costs, and operation standards from a social, 
economic, and environmental perspective, respectively. 
Furthermore, a descriptor can be operationalised by more 
than one indicator, e.g., economic feasibility related to the 
wastewater treatment is defined in terms of the benefit–cost 
ratio, as well as the ongoing overall benefits.

Characterising the indicators and analysing their 
interlinkages

For the LB analysis, a total of 41 indicators2 were identified 
and characterised, assigning them accordingly to the specific 
water flow categories, as shown in Fig. 3 (see Fig. 5 and 
the complete list in S2). The analysis involved looking at 
the type and number of indicators within and across dimen-
sions, and the characterisation of interlinkages according 
to Table 1. Table 5 presents the number of indicators and 
interlinkages behind the required information, and the fol-
lowing sub-sections describe this information. 

Type and number of indicators
Results show an information system characterised by a 

higher number of environmental indicators, accounting for 
almost 50% (see Fig. 5). The social dimension shows a bal-
anced distribution of the R- and S-indicators, contrasting 
with the economic and environmental dimensions with a 
prevalence of S- over R-indicators. From a risk perspective, 
the main share belongs to social indicators (around 60%) 
with a somewhat balanced distribution of economic and 
environmental indicators. From a sustainability perspective, 
there is an almost direct swap in proportions between social 
and environmental indicators, as 60% of the S-indicators 
refer to environmental aspects. Thus, in this case, social 
information seems highly relevant from a risk perspective, 
whereas assessing sustainability relies heavily on environ-
mental aspects.

No overlapping indicators (RS) were found, and R-indica-
tors characterise only one-third of the entire system attribut-
ing the main contribution to S-indicators. This suggests that 
the data required for the risk and sustainability assessments 
are different and that sustainability-related aspects majorly 
define the system’s performance.

Regarding the indicators' distribution, environmental 
indicators are relevant for the source and reuse category of 
the water flow. In contrast, the use category does not include 
this type of indicators. Social indicators seem relevant for 
characterising the use and reuse categories, and economic 
indicators are distributed evenly from the use to the reuse 
categories.

Table 4  Selected example endpoints, descriptors, indicators and attributes for a generic WS–WR situation and the RSA framework

R Risk-indicator, S Sustainability-indicator. See the complete example list in S2

Category Endpoint Dimension Descriptor Indicator Attribute Type

SOURCE Available groundwater Environ-mental Water resources avail-
able for human use

Water crowding index Daily runoff Water 
province area Time 
slice (e.g., 30 y) 
Return period Climate 
change projection 
Total population

R

USE Water resources sup-
plied

Social Drinking water supply Proportion of housing 
units within municipal 
water provider service 
area

Housing units within 
municipal water

Total population

R

TREATMENT Wastewater treatment 
operation and main-
tenance

Economic Economic feasibility Benefit–cost ratio Benefits quantification S

Ongoing benefits Costs quantification 
Benefits to broader 
community

S

Operational costs S
REUSE Treated wastewater for 

human reuse
Environ-mental Treated wastewater for 

reuse in agriculture
Quantity of wastewater 

reused
Quantity of wastewater 

reused
S

Total treated wastewater

2 Two vulnerability indicators referring to race and ethnicity (Col-
lins and Bolin, 2007) were not included as they were considered to be 
case-specific for the example addressed in that study. Two economic 
sustainability indicators (Upadhyaya and Moore, 2012) were repeated 
for the ‘Treatment’ and ‘Reuse’ categories, as they are separated in 
the RSA framework.
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Type and number of interlinkages
From an intra-dimensional perspective, 28 interlinkages 

(il.) were identified, with a major share of S–S interlink-
ages (67.8%). However, this share aligns with the number of 
S-indicators (68.3%), which hampers inferring, at this point, 
that the S-indicators are more interconnected than R-indi-
cators (see following sub-section). It is possible, though, 
to see that changes in risk indicators seem more relevant 
from a social perspective. In contrast, the dynamics from a 
sustainability perspective seem particularly relevant for the 
environmental dimension.

From an inter-dimensional perspective, 43 il. were identi-
fied involving high participation of social and environmen-
tal indicators (both involved in 72.1%), whereas economic 

indicators participate in 55.8% of the interlinkages. All inter-
dimensional R-related interlinkages involve social indicators, 
although they represent only 9% of the inter-dimensional 
view. Thus, in this example, the R-indicators do not highly 
influence system dynamics but are highly dependent on 
social aspects. In contrast, most of the interlinkages involve 
S-indicators; thus, the inter-dimensional influence becomes 
more relevant for water reuse than for water scarcity.

Overall, the share between intra- and inter-dimensional 
interlinkages (around 39.4% and 60.6%, respectively) shows 
that dimensions are highly interconnected. This intercon-
nectivity majorly characterises the system, where both 
social and environmental aspects are highly influenced or 
influencing. Concerning a potential correlation between the 

Fig. 5  Overview of the lane-based visualisation of all layers, the indicators and interlinkages (il.). Attributes are omitted for want of space (The 
details are provided in the online figure; the full list of indicators is accessible under S2)
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type and number of indicators and the interlinkages, even 
when a similar trend was found at an intra-dimensional 
level (similar ratio between R- and S-indicators, and R- and 
S-related interlinkages), this was not maintained on a gen-
eral level, as the S-related interlinkages greatly prevail over 
R-related ones. The latter account for 18.3% of all interlink-
ages, indicating a minor influence of this type of indica-
tors on the information system. In contrast, the number of 
interlinkages characterises the information system as being 
highly dependent on sustainability indicators (particularly 
social and environmental aspects), as they are involved in 
the majority of intra- and inter-dimensional interlinkages. 
Regarding a correlation between risk and sustainability, 
counting with no RS-indicators and an almost negligible 
number of R-S interlinkages allows inferring that, under the 
current representation, no considerable changes in the level 
of risk are expected by changing levels of sustainability, or 
vice versa.

Indicator connectivity
A general overview of the average indicator’s connectiv-

ity in each dimension shows a higher value for environmen-
tal indicators (0.44 il. per indicator), followed by the social 
and economic indicators (0.35 and 0.23 il. per indicator, 
respectively). However, the top three MII include one indica-
tor of each dimension as follows: “Complaint reported to the 
authority” (social S-indicator, 11 il.), “Benefit–cost ratio” 

(economic S-indicator, 11 il.) and “Treatment of wastewater 
(compliance with guidelines)” (environmental S-indicator, 
10 il.). This means that even though economic aspects do not 
appear as relevant according in general terms, one of their 
indicators has the highest specific connectivity. Hence, the 
relevance of this analysis.

Overall results

The ML-LB approach can support decision-making, as it 
provides the following overarching insights from the exam-
ple WS–WR information system: (a) leverage points for an 
overall improvement of the risk and sustainability perfor-
mance of the W–WR situation are likely to be linked to the 
sustainability of water reuse rather than the risk of water 
scarcity; (b) interventions could target social and environ-
mental sustainability-related aspects as they are highly inter-
linked in the information system; (c) primary interventions 
related to social aspects are to be planned for the use and 
treatment categories; and (d) environmental interventions 
should focus on the source and treatment of water resources. 
Further interpretations could be drawn if more specific ques-
tions are placed, reaching even a level of specific perfor-
mance of indicators, e.g., how influential is the indicator 
“Quantity of wastewater reused” for social sustainability 
aspect?

Table 5  Data of the example system: Number of indicators and interlinkages (il.) according to Table 1

Indicator Type Intra-dimensional il.

Dimension R RS S Total R-R R-S S-S Total

Social 8 0 7 15 7 0 5 12

Economic 2 0 4 6 0 0 2 2

Environmental 3 0 17 20 2 0 12 14

Total 13 0 28 41 9 0 19 28

In
te

r-d
im

en
sio

na
l i

l. 

Social 4 2 25 31 11 2 30 43

Economic 2 2 20 24 2 2 22 26

Environmental 2 0 29 31 4 0 41 45

Total* 4 2 37 43 13 2 56 71

R-R R-S S-S

R Risk, S Sustainability
*Sum of all interlinkages for eachindicator type divided by two to avoid double counting as one interlinkage involves two indicators
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Discussion

Translating the CHANS into an information system

The identification of CHANS biophysical elements and a 
direct and organised translation into an information sys-
tem seems adequate as this needs to be done anyway for 
assessments. All assessment tasks, from problem framing 
to selecting evaluation indicators and criteria, occur on an 
information level. However, the “small” step of interpreting 
a real-world situation to be analysed and evaluated involves 
various minor decisions regarding the aspects to include, 
increasing the subjectivity of the assessment — for instance, 
the ongoing debate about the appropriate selection of indica-
tors. De Olde et al. (2017) highlight the relevance of trans-
parency and collaboration in the selection process for the 
success of the assessment. If no proper attention is given 
to this process, there is a risk of an inadequate assessment 
where information is derived from indicators that do not nec-
essarily represent the situation or align with the initial aim 
(e.g., Zijp et al. 2017) . Hence it is relevant to move towards 
a transparent and systematic approach for identifying the 
relevant biophysical aspects (endpoints) and required infor-
mation (descriptors) with the respective metrics (indicators 
and attributes).

The United Nations Department of Economic and Social 
Affairs (UNDESA) has recognised the relevance of indi-
cators for policy-making by valuing their incorporation of 
knowledge from natural and social sciences into decision-
making (United Nations 2007). Thus, they are widely used 
and accepted metrics that allow gathering scattered, siloed 
and discipline-specific information (Walmsley 2002; Ciegis 
et al. 2009). Their use as operationalisation elements seems 
appropriate as they allow remaining connected to differ-
ent disciplines while including them as part of a broader 
interdisciplinary assessment, enabling incorporating differ-
ent knowledge. Zijp et al. (2017) review different methods 
used in sustainability assessments highlighting that the link 
between the used metrics and the “question at hand” (the 
aim) could be further improved. Thus, the inclusion of indi-
cators in the analysis phase as elements derived from the 
translation of the biophysical endpoints should support such 
an alignment.

When interpreting the results of this analytical concept, 
it should be considered that indicators are mere operational 
metrics that do not fully represent the complexity of the 
situation, where more profound social, economic, and envi-
ronmental management issues might be overlooked. Their 
intention is to represent specific parts of the system that 
are of interest to be evaluated, offering a pragmatic view. 
This limitation, existing in any indicator-based assessment, 
is now explicitly evidenced by showing the proportion of 

the type of indicators and their interlinkages, leading to 
questions such as: Are environmental aspects underrepre-
sented for the evaluation of risk of water scarcity? What is 
the relevance of having differences in the number of indica-
tors between the different types? These questions can then 
be specifically addressed on case-by-case basis to improve 
existing indicators or derive new ones and refine the inter-
pretation of the evaluation results (i.e., high or low risk and 
sustainability performance). Ultimately, more profound 
issues, even related to governance, political and participation 
aspects could be measured through indicators (e.g., Upad-
hyaya and Moore, 2012; OECD 2018), but this would mean 
an increase in the number of indicators considered for the 
analysis, aligning with the plethora of indicators found in 
literature and intensifying the data requirements.

From a systems perspective, endpoints are not different 
from the elements in CLD or SFD. However, they are named 
here to differentiate them from the elements composing the 
information system. Other systems’ analysis approaches 
such as the SES analysis framework (Ostrom, 2009) or sys-
tem dynamics, have the aim of studying the functioning of 
a system to understand a real-world situation. Thus, they 
may support the identification of endpoints and descriptors. 
However, they do not necessarily narrow down the focus 
to understand the functioning from a performance point of 
view. Here indicators are required together with defined 
thresholds to achieve the desired performance, which can 
also represent the subjective aims of the involved stakehold-
ers. Thus, there are two strands: on the one hand, assess-
ments supporting decision-making can sometimes be distant 
or misrepresenting the situation (e.g., focused mainly on 
environmental aspects). On the other hand, complex systems 
modelling are challenging to operationalise and present to 
practitioners. This way, the analytical concept proposed here 
does not intend to replace other systems thinking approaches 
but bridge a systems conceptualisation with traditional indi-
cator-based assessments, compromising some level of detail 
on both sides and providing complementary information.

Supporting decision‑making via the analytical 
concept

Based on the above, the analytical concept derived in this 
study provides a structured and systematic manner for 
a transparent transition from the conceptualisation of a 
WS–WR situation as a system to its assessment based on 
indicators, bridging the real-world subject of the assessment 
with the information needs.

The ML–LB approach helps to grasp the idea of translat-
ing the biophysical elements of the CHANS into an infor-
mation system. It allows a general vision of the information 
system while keeping a view of the different dimensions. 
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As mentioned in Sect.  “The multi-layer approach: Transla-
tion of the CHANS into an information system”, this type 
of approach has been widely used, succeeding in presenting 
complex interlinked systems as networks. Furthermore, the 
evidence-based identification of interlinkages between indi-
cators advances towards an integrated characterisation of 
the WS-WR situation. It allows determining key indicators 
and data-intensive aspects, supporting, e.g., data prioriti-
sation, indicator selection. This has also been recognised 
as relevant in other fields dealing with complex systems, 
e.g., resource nexus (e.g., Laspidou et al. 2020). However, 
interlinkage directionality, based on features such as cau-
sality, was not considered. Examples of this are the iden-
tification of balancing and reinforcing loops on CLDs, or 
the “If–Then” approach considered by Rubio-Martin et al. 
(2020) for drought management. These causality-driven 
approaches allow a more accurate representation and under-
standing of the system’s dynamics. For instance, if indicators 
A and B are interlinked in a direction of A influencing B, 
the change in A leads to a specific change in B, rather than 
the other way around. In the current status of the analytical 
concept, A and B are not defined in terms of which is the 
influencing and influenced indicator. Thus, predicting future 
changes will only be as accurate as recognising that a change 
in A might mean a change in B and vice versa.

Additionally, spatial–temporal features were not further 
detailed in this analytical concept beyond their indirect 
inclusion via indicators. These features should be minded 
for the interpretation of the ML–LB results. For instance, 
annually based indicators such as “Mean annual precipita-
tion” or “Annual water resources extraction” could be con-
sidered as relevant as “Net present value”, which depends 
on the project’s evaluation horizon for its calculation. This 
is also an aspect highlighted by Nilsson et al. (2018) for the 
case of interactions between the SDGs.

Regarding the visual aspects of the analytical concept, 
conceptual maps are a means of explicitly portraying com-
plexity, as it probably exceeds the capacity to conceptualise 
it in mental models (Nguyen et al. 2015), and especially 
to analyse existing interlinkages between the system’s ele-
ments (e.g., Davies and Simonovic 2011; Mirchi et al. 2012; 
Sterman 2012; Di Baldassarre et al. 2013). They have been 
recognised as essential modelling tools that support the 
understanding of the system, model design, identifying lev-
erage points and communication with stakeholders (Rhoades 
et al. 2014; Voinov 2018). Here the ML–LB approach can 
serve as a basis for more sophisticated visualisations of the 
information system showing all dimensions simultaneously. 
It allows presenting these dimensions separately, keeping 
their specific focus unaltered, while visualising the inter-
linkages between them in a compartmentalised manner pro-
viding the big picture. However, this relevant visualisation 
tool needs to be accompanied by a table summarising all 

the information, awarding flexibility about its content and 
detail level depending on the aim and audience (e.g., focus 
on inter-dimensional aspects). The wide use of BPMN in 
the business sector corroborates the use of lanes for organis-
ing, in this case, indicators from different dimensions, in a 
structured and straightforward manner. Explicitly portray-
ing relationships within the system raises the usefulness of 
such notation for systems thinking, stressing its relevance 
for structured and transparent communication of the model 
(Hinkel et al. 2014; Schlüter et al. 2014). This is relevant for 
decision-making and inter- and transdisciplinary research in 
general (Liu et al. 2007; Voinov 2018), as well as building 
and maintaining trust among stakeholders and the general 
public in water resources management (Hartley 2006).

Overall, the analytical concept proposed here can sup-
port the implementation of international agreements and 
guidelines such as the Sendai Framework for Disaster Risk 
Reduction and the Sustainable Development Goals (SDGs). 
Within the Sendai Framework, it aligns with the priorities 
for action related to the understanding of risk (primarily the 
use of baselines and the analysis of information) and the 
goal of implementing risk reduction measures considering 
social, economic and environmental aspects, contributing 
to the target of increasing the availability of information 
and assessments. Within the SDGs, this concept relates to 
goals 6 and 11 by supporting the implementation of water 
reuse measures and aiming at reducing people affected by 
water scarcity and by aligning with the Sendai Framework, 
respectively.

Conclusions

Within the frame of an integrated RSA for WS–WR situa-
tions, analysis and evaluation tasks should organise and pro-
cess relevant information for decision-making (Müller et al. 
2020). Intending to further advance the analysis task, this 
article brings together perspectives from different disciplines 
for translating these situations into information systems 
based on systems thinking interpretation and characterisa-
tion and interlinkage of indicators. This results in the deriva-
tion of an analytical concept comprising the following: (1) 
the identification of relevant endpoints in the biophysical 
system, (2) the use of a multi-layer (ML) approach for the 
translation into an information system based on descriptors 
and indicators and (3) the use of a lane-based (LB) approach 
for clear visualisation and analysis of these layers and the 
respective interlinkages.

The analytical concept bears on interpreting the WS–WR 
situations as a CHANS and translating it into an informa-
tion system to comply with the requirements of minimising 
the risk of water scarcity and maximising the sustainability 
of water reuse rather than providing a general understanding 
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of the CHANS dynamics. The ML–LB approach uses the 
sustainability dimensions to develop, process and portray 
relevant information to guide the RSA for comprehensive 
and consistent support of decision-making in WS–WR situa-
tions. Therefore, it is key to include indicators, typically used 
in evaluations, already in the analysis. The identification of 
interlinkages between these indicators at both intra- and inter-
dimensional levels enables extracting information about the 
social, economic and environmental perspectives separately 
or as a whole, as well as identifying the risk- and sustainabil-
ity-related performances. These results are defined in terms 
of the type and number of indicators and interlinkages, and 
the indicator’s connectivity. Finally, the information system's 
visualisation in a compartmentalised manner differentiates the 
foci of each dimension while providing the big picture.

This analytical concept allows moving the attention from 
fully understanding the situation to dealing with the infor-
mation relevant for its management. The ultimate goal of 
this is to offer the possibility of optimising data collection 
by, e.g., prioritising highly interlinked indicators and sup-
port the identification of leverage points for the design of 
interventions. Thus, the added value of an ML–LB analy-
sis is three-fold as follows: (1) acknowledgement and sys-
tematisation of the translation from the real-world situation 
to an information system for the identification of valuable 
indicators; (2) the delivery of evidence-based information 
in a structured manner, allowing to explicitly quantify the 
interlinkages across social, economic and environmental 
dimensions; and (3) the application of a map to visualise 
these interlinkages and support clear communication and 
knowledge transfer with decision-makers and stakeholders.

Current limitations and improvement points of the pro-
posed analytical concept include (a) a systematic approach 
to guide the research team in defining relevant endpoints 
and descriptors, (b) interlinkage directionality, (c) lack of 
a database of indicators and their respective attributes that 
facilitates interlinkage identification and (d) inherent limita-
tions of indicator-based approaches not fully representing 
the complexity of the situation. A tool that supports automa-
tion could also facilitate the process (e.g., generation of the 
layers and lanes, counting interlinkages, generating data-
base). This seems an achievable outlook, as data process-
ing here does not involve complicated calculations, and the 
existing variety of visualisation and data analysis software 
that could serve as inspiration is broad and widely used (e.g., 
Tableau®, Qlik®, Power BI®).

A general outlook of this work is the potential use of 
the analytical concept beyond water scarcity risk and water 
reuse sustainability, as its structure is not limited to these 
types of descriptors and indicators. Subsequent research 
could focus on studying the implications of interlinkage 
directionality and developing a database and software tools 
that support automation.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11625- 021- 01077-9.

Acknowledgements This research was funded by the Chilean National 
Agency for Research and Development – ANID [PFCHA/DOCTOR-
ADO BECAS CHILE/2017 – 72180321] and supported by the Joint 
PhD Programme in Integrated Management of Water, Soil and Waste 
of the United Nations University Institute for Integrated Management 
of Material Fluxes and of Resources (UNU-FLORES) and Technische 
Universität Dresden (TU Dresden). The authors would like to thank 
the colleagues at UNU-FLORES and TU Dresden that have provided 
valuable reflection.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Alberti M, Asbjornsen H, Baker LA, et al (2011) Research on Coupled 
Human and Natural Systems (CHANS): Approach, challenges, 
and strategies. Bulletin of the Ecological Society of America

Alcamo J et al. (2003) Introduction and conceptual framework. In: 
Ecosystems and human well-being: a framework for assessment. 
Island Press, Washington, D.C., USA

Basurko OC, Mesbahi E (2014) Methodology for the sustainability 
assessment of marine technologies. J Clean Prod 68:155–164. 
https:// doi. org/ 10. 1016/j. jclep ro. 2012. 01. 022

Bennich T, Maneas G, Maniatakou S et al (2020) Transdisciplinary 
research for sustainability: scoping for project potential. Int Soc 
Sci J ISSJ. https:// doi. org/ 10. 1111/ issj. 12245

Binder CR, Hinkel J, Bots PWG, Pahl-Wostl C (2013) Comparison of 
frameworks for analyzing social-ecological systems. Ecol Soc. 
https:// doi. org/ 10. 5751/ ES- 05551- 180426

Bródka P, Kazienko P (2018) Multilayer social networks. In: Alhajj 
R, Rokne J (eds) Encyclopedia of Social Network Analysis and 
Mining. Springer, New York, pp 1408–1422

Chen PP-S (1976) The entity-relationship model: Towards a unified 
view of data. ACM Trans Database Syst 1:9–36

Ciegis R, Ramanauskiene J, Startiene G (2009) Theoretical reasoning 
of the use of indicators and indices for sustainable development 
assessment. Eng Econom 63:33–40

Collins T, Bolin B (2007) Characterizing vulnerability to water scar-
city: The case of a groundwater-dependent, rapidly urbanizing 
region. Environ Hazards 7:399–418. https:// doi. org/ 10. 1016/j. 
envhaz. 2007. 09. 009

Dalal-Clayton DB, Sadler B (2014) Chapter 1: Introduction. In: Sus-
tainability appraisal: a sourcebook and reference guide to inter-
national experience. Routledge, New York

https://doi.org/10.1007/s11625-021-01077-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jclepro.2012.01.022
https://doi.org/10.1111/issj.12245
https://doi.org/10.5751/ES-05551-180426
https://doi.org/10.1016/j.envhaz.2007.09.009
https://doi.org/10.1016/j.envhaz.2007.09.009


24 Sustainability Science (2022) 17:9–25

1 3

Damkjaer S, Taylor R (2017) The measurement of water scarcity: 
Defining a meaningful indicator. Ambio 46:513–531. https:// doi. 
org/ 10. 1007/ s13280- 017- 0912-z

Davidson KM, Venning J (2011) Sustainability decision-making frame-
works and the application of systems thinking: an urban context. 
Local Environ 16:213–228. https:// doi. org/ 10. 1080/ 13549 839. 
2011. 565464

Davies EGR, Simonovic SP (2011) Global water resources modeling 
with an integrated model of the social–economic–environmental 
system. Adv Water Resour 34:684–700. https:// doi. org/ 10. 1016/j. 
advwa tres. 2011. 02. 010

de Olde EM, Moller H, Marchand F et al (2017) When experts disa-
gree: the need to rethink indicator selection for assessing sustain-
ability of agriculture. Environ Dev Sustain 19:1327–1342. https:// 
doi. org/ 10. 1007/ s10668- 016- 9803-x

de Vente J, Reed MS, Stringer LC, et al (2016) How does the con-
text and design of participatory decision making processes 
affect their outcomes? Evidence from sustainable land man-
agement in global drylands. Ecol Soc https:// doi. org/ 10. 5751/ 
ES- 08053- 210224

Di Baldassarre G, Kooy M, Kemerink JS, Brandimarte L (2013) 
Towards understanding the dynamic behaviour of floodplains 
as human-water systems. Hydrol Earth Syst Sci 17:3235–3244. 
https:// doi. org/ 10. 5194/ hess- 17- 3235- 2013

Di Gregorio M, Fatorelli L, Paavola J et al (2019) Multi-level govern-
ance and power in climate change policy networks. Glob Environ 
Change 54:64–77. https:// doi. org/ 10. 1016/j. gloen vcha. 2018. 10. 
003

Ewert F, Van Keulen H, Van Ittersum M, et al (2006) Multi-scale 
analysis and modelling of natural resource management options. 
Burlington, Vermont, USA

FAO (2017) Safe and productive use of wastewater in Latin America 
and the Caribbean: principles, status and needs [Spanish]. United 
Nations Food and Agriculture Organisation (FAO), Santiago, 
Chile

Hartley TW (2006) Public perception and participation in water reuse. 
Desalination 187:115–126. https:// doi. org/ 10. 1016/j. desal. 2005. 
04. 072

Hinkel J, Bots PWG, Schlüter M (2014) Enhancing the Ostrom social-
ecological system framework through formalization. Ecol Soc. 
https:// doi. org/ 10. 5751/ ES- 06475- 190351

Horlings LG, Nieto-Romero M, Pisters S, Soini K (2020) Operation-
alising transformative sustainability science through place-based 
research: the role of researchers. Sustain Sci 15:467–484. https:// 
doi. org/ 10. 1007/ s11625- 019- 00757-x

ISO (2013) ISO/IEC 19510:2013: Information technology — Object 
Management Group Business Process Model and Notation

Juwana I, Muttil N, Perera BJC (2012) Indicator-based water sustain-
ability assessment — A review. Sci Total Environ 438:357–371. 
https:// doi. org/ 10. 1016/j. scito tenv. 2012. 08. 093

Kivela M, Arenas A, Barthelemy M et al (2014) Multilayer Networks. 
J Complex Netw 2:203–271. https:// doi. org/ 10. 1093/ comnet/ 
cnu016

Kotir JH, Smith C, Brown G et al (2016) A system dynamics simu-
lation model for sustainable water resources management and 
agricultural development in the Volta River Basin, Ghana. Sci 
Total Environ 573:444–457. https:// doi. org/ 10. 1016/j. scito tenv. 
2016. 08. 081

Laspidou CS, Mellios NK, Spyropoulou AE et al (2020) Systems think-
ing on the resource nexus: Modeling and visualisation tools to 
identify critical interlinkages for resilient and sustainable societies 
and institutions. Sci Total Environ 717:137264. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 137264

Lawrence J, Blackett P, Cradock-Henry NA (2020) Cascading climate 
change impacts and implications. Clim Risk Manag 29:100234. 
https:// doi. org/ 10. 1016/j. crm. 2020. 100234

Lin G, Palopoli M, Dadwal V (2020) From Causal Loop Diagrams to 
system dynamics models in a data-rich ecosystem. In: Celi LA, 
Majumder MS, Ordóñez P et al (eds) Leveraging data science for 
global health. Springer International Publishing, Cham, pp 77–98

Liu J, Dietz T, Carpenter SR et al (2007) Complexity of coupled human 
and natural systems. Science 317:1513–1516. https:// doi. org/ 10. 
1126/ scien ce. 11440 04

Mai T, Mushtaq S, Reardon-Smith K et al (2020) Defining flood risk 
management strategies: A systems approach. Int J Disaster Risk 
Reduct 47:101550. https:// doi. org/ 10. 1016/j. ijdrr. 2020. 101550

Mirchi A, Madani K, Watkins D, Ahmad S (2012) Synthesis of 
system dynamics tools for holistic conceptualization of water 
resources problems. Water Resour Manag 26:2421–2442. 
https:// doi. org/ 10. 1007/ s11269- 012- 0024-2

Muga HE, Mihelcic JR (2008) Sustainability of wastewater treatment 
technologies. J Environ Manage 88:437–447. https:// doi. org/ 10. 
1016/j. jenvm an. 2007. 03. 008

Müller AB, Avellán T, Schanze J (2020) Risk and sustainability 
assessment framework for decision support in “water scarcity 
– water reuse” situations. J Hydrol. https:// doi. org/ 10. 1016/j. 
jhydr ol. 2020. 125424

Nations U (ed) (2007) Indicators of sustainable development: guide-
lines and methodologies, 3rd edn. United Nations, New York

Nguyen NH, Beeton RJS, Halog A (2015) A systems think-
ing approach for enhancing adaptive capacity in small- and 
medium-sized enterprises: causal mapping of factors influenc-
ing environmental adaptation in Vietnam’s textile and garment 
industry. Environ Syst Decis 35:490–503. https:// doi. org/ 10. 
1007/ s10669- 015- 9570-5

Nilsson M, Chisholm E, Griggs D et al (2018) Mapping interactions 
between the sustainable development goals: lessons learned 
and ways forward. Sustain Sci 13:1489–1503. https:// doi. org/ 
10. 1007/ s11625- 018- 0604-z

Oliveira Neto GC, Pinto LFR, Amorim MPC et  al (2018) A 
framework of actions for strong sustainability. J Clean Prod 
196:1629–1643. https:// doi. org/ 10. 1016/j. jclep ro. 2018. 06. 067

OMG (2013) Business Process Model and Notation (BPMN) - (Ver-
sion 2.0.2 - Dec. 2013)

OMG (2017) OMG® Unified Modeling Language® (OMG UML®): 
Version 2.5.1

Onat N, Kucukvar M, Halog A, Cloutier S (2017) Systems thinking 
for Life Cycle Sustainability Assessment: A review of recent 
developments, applications, and future perspectives. Sustain-
ability 9:706. https:// doi. org/ 10. 3390/ su905 0706

Ostrom E (2009) A general framework for analyzing sustainability of 
Social-Ecological Systems. Science 325:419–422. https:// doi. 
org/ 10. 1126/ scien ce. 11721 33

Rhoades RD, McCuistion KC, Mathis CP (2014) A systems 
thinking approach to ranching: finding leverage to mitigate 
drought. Rangelands 36:2–6. https:// doi. org/ 10. 2111/ RANGE 
LANDS-D- 14- 00017

Ricart CS (2016) Improving the management of water multi-func-
tionality through stakeholder involvement in decision-making 
processes. Util Policy 43:71–81. https:// doi. org/ 10. 1016/j. jup. 
2016. 04. 015

Rikalovic A, Cocic I (2014) GIS based multi-criteria decision analy-
sis for industrial site selection: The state of the art. Istraz Proj 
Za Privredu 12:197–206. https:// doi. org/ 10. 5937/ jaes12- 4938

Rubio-Martin A, Pulido-Velazquez M, Macian-Sorribes H, Garcia-
Prats A (2020) System dynamics modeling for supporting 
drought-oriented management of the Jucar river system. Spain 
Water 12:1407. https:// doi. org/ 10. 3390/ w1205 1407

Schlüter M, Hinkel J, Bots PWG, Arlinghaus R (2014) Application 
of the SES Framework for model-based analysis of the dynam-
ics of Social-Ecological Systems. Ecol Soc. https:// doi. org/ 10. 
5751/ ES- 05782- 190136

https://doi.org/10.1007/s13280-017-0912-z
https://doi.org/10.1007/s13280-017-0912-z
https://doi.org/10.1080/13549839.2011.565464
https://doi.org/10.1080/13549839.2011.565464
https://doi.org/10.1016/j.advwatres.2011.02.010
https://doi.org/10.1016/j.advwatres.2011.02.010
https://doi.org/10.1007/s10668-016-9803-x
https://doi.org/10.1007/s10668-016-9803-x
https://doi.org/10.5751/ES-08053-210224
https://doi.org/10.5751/ES-08053-210224
https://doi.org/10.5194/hess-17-3235-2013
https://doi.org/10.1016/j.gloenvcha.2018.10.003
https://doi.org/10.1016/j.gloenvcha.2018.10.003
https://doi.org/10.1016/j.desal.2005.04.072
https://doi.org/10.1016/j.desal.2005.04.072
https://doi.org/10.5751/ES-06475-190351
https://doi.org/10.1007/s11625-019-00757-x
https://doi.org/10.1007/s11625-019-00757-x
https://doi.org/10.1016/j.scitotenv.2012.08.093
https://doi.org/10.1093/comnet/cnu016
https://doi.org/10.1093/comnet/cnu016
https://doi.org/10.1016/j.scitotenv.2016.08.081
https://doi.org/10.1016/j.scitotenv.2016.08.081
https://doi.org/10.1016/j.scitotenv.2020.137264
https://doi.org/10.1016/j.scitotenv.2020.137264
https://doi.org/10.1016/j.crm.2020.100234
https://doi.org/10.1126/science.1144004
https://doi.org/10.1126/science.1144004
https://doi.org/10.1016/j.ijdrr.2020.101550
https://doi.org/10.1007/s11269-012-0024-2
https://doi.org/10.1016/j.jenvman.2007.03.008
https://doi.org/10.1016/j.jenvman.2007.03.008
https://doi.org/10.1016/j.jhydrol.2020.125424
https://doi.org/10.1016/j.jhydrol.2020.125424
https://doi.org/10.1007/s10669-015-9570-5
https://doi.org/10.1007/s10669-015-9570-5
https://doi.org/10.1007/s11625-018-0604-z
https://doi.org/10.1007/s11625-018-0604-z
https://doi.org/10.1016/j.jclepro.2018.06.067
https://doi.org/10.3390/su9050706
https://doi.org/10.1126/science.1172133
https://doi.org/10.1126/science.1172133
https://doi.org/10.2111/RANGELANDS-D-14-00017
https://doi.org/10.2111/RANGELANDS-D-14-00017
https://doi.org/10.1016/j.jup.2016.04.015
https://doi.org/10.1016/j.jup.2016.04.015
https://doi.org/10.5937/jaes12-4938
https://doi.org/10.3390/w12051407
https://doi.org/10.5751/ES-05782-190136
https://doi.org/10.5751/ES-05782-190136


25Sustainability Science (2022) 17:9–25 

1 3

Scholz R (2011) A framework for investigating human–environment 
systems (HES). Environmental literacy in science and society: 
From knowledge to decisions. Cambridge University Press, 
Cambridge, pp 405–406

Seiffert MEB, Loch C (2005) Systemic thinking in environmental 
management: support for sustainable development. J Clean Prod 
13:1197–1202. https:// doi. org/ 10. 1016/j. jclep ro. 2004. 07. 004

Simonović SP (2009) Managing water resources: methods and tools 
for a systems approach. UNESCO, Earthscan, Paris; London

Smithson P, Addison K, Atkinson K (2008) Fundamentals of the 
physical environment, 4th edn. Routledge, London

Speelman EN, López-Ridaura S, Colomer NA et al (2007) Ten years 
of sustainability evaluation using the MESMIS framework: Les-
sons learned from its application in 28 Latin American case 
studies. Int J Sustain Dev World Ecol 14:345–361. https:// doi. 
org/ 10. 1080/ 13504 50070 94697 35

Sterman JD (2012) Sustaining sustainability: Creating a systems sci-
ence in a fragmented academy and polarized world. In: Wein-
stein MP, Turner RE (eds) Sustainability Science. Springer, 
New York, New York, NY, pp 21–58

Sterman JD (2000) Business dynamics: systems thinking and mod-
eling for a complex world, Nachdr. Irwin/McGraw-Hill, Boston

Strezov V, Evans A, Evans TJ (2017) Assessment of the economic, 
social and environmental dimensions of the indicators for sus-
tainable development: Economic, social and environmental 
dimensions of sustainability. Sustain Dev 25:242–253. https:// 
doi. org/ 10. 1002/ sd. 1649

Upadhyaya JK, Moore G (2012) Sustainability indicators for waste-
water reuse systems and their application to two small systems 
in rural Victoria, Australia. Can J Civ Eng 39:674–688. https:// 
doi. org/ 10. 1139/ l2012- 057

van Vuuren DP, Lucas PL, Häyhä T et al (2016) Horses for courses: 
analytical tools to explore planetary boundaries. Earth Syst Dyn 
7:267–279. https:// doi. org/ 10. 5194/ esd-7- 267- 2016

Veldkamp TIE, Wada Y, Aerts JCJH, Ward PJ (2016) Towards a 
global water scarcity risk assessment framework: Incorpora-
tion of probability distributions and hydro-climatic variability. 
Environ Res Lett 11:024006. https:// doi. org/ 10. 1088/ 1748- 
9326/ 11/2/ 024006

Vermeulen R, Schymanski EL, Barabási A-L, Miller GW (2020) The 
exposome and health: Where chemistry meets biology. Science 
367:392–396. https:// doi. org/ 10. 1126/ scien ce. aay31 64

Voinov A (2018) Conceptual diagrams and flow diagrams. In: Ency-
clopedia of Ecology. Elsevier, pp 58–64

Voulvoulis N (2018) Water reuse from a circular economy perspec-
tive and potential risks from an unregulated approach. Curr 
Opin Environ Sci Health 2:32–45. https:// doi. org/ 10. 1016/j. 
coesh. 2018. 01. 005

Walmsley JJ (2002) Framework for measuring sustainable devel-
opment in catchment systems. Environ Manage 29:195–206. 
https:// doi. org/ 10. 1007/ s00267- 001- 0020-4

White SA et al. (2004) Business Process Modeling Notation (BPMN) 
- (Version 1.0 - May 3, 2004)

Winz I, Brierley G, Trowsdale S (2009) The use of system 
dynamics simulation in water resources management. Water 
Resour Manag 23:1301–1323. https:// doi. org/ 10. 1007/ 
s11269- 008- 9328-7

Wu M, He S, Zhang Y et al (2019) A tensor-based framework for 
studying eigenvector multicentrality in multilayer networks. 
Proc Natl Acad Sci 116:15407–15413. https:// doi. org/ 10. 1073/ 
pnas. 18013 78116

Wu Z, Zhang Y, Hua Y et al (2020) An improved system dynamics 
model to evaluate regional water scarcity from a virtual water 
perspective: A case study of Henan province, China. Sustain-
ability 12:7517. https:// doi. org/ 10. 3390/ su121 87517

Yazdandoost F, Moradian S, Izadi A (2020) Evaluation of water 
sustainability under a changing climate in Zarrineh river basin. 
Iran Water Resour Manag 34:4831–4846. https:// doi. org/ 10. 
1007/ s11269- 020- 02693-3

Zamagni A, Pesonen H-L, Swarr T (2013) From LCA to life cycle 
sustainability assessment: concept, practice and future direc-
tions. Int J Life Cycle Assess 18:1637–1641. https:// doi. org/ 10. 
1007/ s11367- 013- 0648-3

Zijp MC, Waaijers-van der Loop SL, Heijungs R et al (2017) Method 
selection for sustainability assessments: The case of recovery 
of resources from waste water. J Environ Manage 197:221–230. 
https:// doi. org/ 10. 1016/j. jenvm an. 2017. 04. 006

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jclepro.2004.07.004
https://doi.org/10.1080/13504500709469735
https://doi.org/10.1080/13504500709469735
https://doi.org/10.1002/sd.1649
https://doi.org/10.1002/sd.1649
https://doi.org/10.1139/l2012-057
https://doi.org/10.1139/l2012-057
https://doi.org/10.5194/esd-7-267-2016
https://doi.org/10.1088/1748-9326/11/2/024006
https://doi.org/10.1088/1748-9326/11/2/024006
https://doi.org/10.1126/science.aay3164
https://doi.org/10.1016/j.coesh.2018.01.005
https://doi.org/10.1016/j.coesh.2018.01.005
https://doi.org/10.1007/s00267-001-0020-4
https://doi.org/10.1007/s11269-008-9328-7
https://doi.org/10.1007/s11269-008-9328-7
https://doi.org/10.1073/pnas.1801378116
https://doi.org/10.1073/pnas.1801378116
https://doi.org/10.3390/su12187517
https://doi.org/10.1007/s11269-020-02693-3
https://doi.org/10.1007/s11269-020-02693-3
https://doi.org/10.1007/s11367-013-0648-3
https://doi.org/10.1007/s11367-013-0648-3
https://doi.org/10.1016/j.jenvman.2017.04.006

	Translating the ‘water scarcity – water reuse’ situation into an information system for decision-making
	Abstract
	Introduction
	RSA framework for a WS-WR situation
	Systems thinking in a WS–WR situation
	Identifying elements of a WS–WR situation and its interpretation as a system
	Translation of the CHANS into an information system
	Descriptors for the translation of the system
	Indicators to operationalise the descriptors
	The multi-layer approach: Translation of the CHANS into an information system


	Characterisation and interlinkage of indicators
	Type and number of indicators
	Type and number of interlinkages
	Indicator connectivity
	Structuring via a lane-based approach

	RSA analytical concept and exemplification
	RSA analytical concept
	Exemplification of the analytical concept
	Defining endpoints and translating them into an information system
	Characterising the indicators and analysing their interlinkages
	Overall results


	Discussion
	Translating the CHANS into an information system
	Supporting decision-making via the analytical concept

	Conclusions
	Acknowledgements 
	References




