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The security of natural resources is increasingly threatened by multiple pressures that range from climate change
impacts to socio-economic conditions, and requires a coordinated action by several practitioners and policy-
makers. The concept of Nexus has therefore gained increasing attention in recent scientific literature, as it
aims to achieve natural resources security in a holistic and integrated way; however, it has still been limitedly put
into practice. Different sectors can be included in Nexus studies, and in the present work reference is made to a
rather innovative combination which includes Water, Food and Ecosystems. The present paper proposes the use
of Participatory System Dynamics Modelling (PSDM) techniques for an improved Nexus understanding, analysis
and management to support policy- and decision-makers. More specifically, we argue that Stock and Flow Di-
agrams (SFDs), besides providing an improved understanding of the complex interactions and interdependencies
in Nexus systems, can also help evaluate multiple policies and solutions for Nexus management based on the use
of Sensitivity Analysis and on a what-if Scenario Analysis. In this process, the involvement of stakeholders
throughout the modelling phases (from model structure building to scenario selection and analysis) guarantees
the inclusion of local knowledge as well as the relevance and ownership of results. Reference is made to the
experience in a couple of case studies, namely the Pinios River Basin and the Greater Chania Area (both in Greece
but characterized by socio-environmental conditions typical of the whole Mediterranean Area), where Nexus
management is central to guaranteeing a sustainable future.

1. Introduction

The demand for natural resources at a global scale is increasing and
their management is growing in complexity, as they are characterized by
several critical and intense ‘hyperconnections’ (Susnik and Staddon,
2022), while being also threatened by external stresses, such as climate
change and socio-economic dynamics (Kellner, 2023; Wu et al., 2022; de
Amorim et al., 2018). The concept of Nexus, which was first proposed by
Hoff (2011), has gained increasing interest in responding to resource
management challenges: the essence of ‘Nexus thinking’ is about iden-
tifying interconnections across sectors (which often include but are not
limited to water, energy, food, ecosystems, climate, society) and scales,
highlighting their dynamic interactions, which are often poorly
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understood (Wu et al, 2021). Achieving ‘Nexus security’ means
reducing trade-offs, promoting synergies, increasing system resilience,
and seeking strategies and policies for sustainable development
(Albrecht et al., 2018; Susnik and Staddon, 2022). Therefore, addressing
security challenges requires a comprehensive Nexus understanding,
which often integrates human systems (e.g., socio-economic dynamics)
and natural systems (e.g., hydrological or biological processes) in the
same analysis (Wu et al., 2021).

The interest towards Nexus has also grown considerably in recent
years along with the need to identify approaches for quantifying cross-
sectoral interactions (Wei Li et al., 2025; Rhouma et al., 2024). As dis-
cussed by Susnik and Staddon (2022), the “one-size-fits-all” approach is
not an objective of Nexus studies. However, some common approaches
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are often used for Nexus assessments, which include: System Dynamics
Modelling (SDM), (multi-region) Input-Output Modelling (MRIO),
Agent-Based Modelling (ABM), Life-Cycle Assessment (LCA) and Inte-
grated Assessment Modelling (IAMs). An increasing number of Nexus
studies has been conducted using SDM, which facilitates the integration
of different sources of knowledge, and highlights the complex in-
teractions within socio-environmental systems and how these might be
influenced by policies and actions (de Vito et al., 2017, de Vito et al.,
2019; Susnik, 2018; Bakhshianlamouki et al., 2019; Purwanto et al.,
2019; Laspidou et al., 2020; Susnik et al., 2021; Zhang et al., 2021;
Barhagh et al., 2021; Gonzdlez-Rosell et al., 2020; Terzi et al., 2021;
Ioannou and Laspidou, 2022; Huang et al., 2024; Gao et al., 2024; Li
et al., 2024; Dang et al., 2024; Mirindi et al., 2024; Yu et al., 2025;
Giordano et al., 2025). Among the others, Gallagher et al. (2020)
described an experience in the Mekong River basin, highlighting the
relevance of participatory and systems-thinking informed approaches to
anticipating and responding to risks that emerge from Nexus relations.
Stakeholders were directly involved in policy analysis using SDM at
national level (Susnik et al., 2021), ultimately aiming at identifying the
cross-sectoral implications and potential trade-offs of different actions
and strategies. Samadi-Foroushani et al. (2022) proposed an integrated
framework based on SDM to analyze the water governance political
structure, while considering relevant impacts in other sectors, including
food. SDM is used to simulate system evolution over a 20-year horizon,
and to identify the most appropriate systemic solutions for fair and
sustainable resources management. Yu et al. (2025) recently used the
potential of SDM for running Scenario Analysis, to support decision-
makers identifying the multi-dimensional impacts of policies mainly
related to agricultural systems, but with a focus on cross-sectoral trade-
offs and synergies.

Despite increasing relevance in the scientific community, a few gaps
in Nexus studies have been recently discussed (Susnik and Staddon,
2022), which include: i) the need to explicitly include ecosystems and
ecosystem services, as changes in ecosystems affect resources security
and anthropogenic activities impact ecosystems; ii) the opportunity of
integrating qualitative and quantitative approaches and information,
enhancing the potential of qualitative approaches to help understand
Nexus interactions and increasing the awareness on Nexus intercon-
nectedness; iii) the need to involve stakeholders from the design phase
throughout the project activities, to guarantee the policy relevance of
Nexus studies and facilitate Nexus implementation.

Starting from these premises, the main objective of the present work
is to develop and test an innovative methodological approach — based on
Participatory SDM (PSDM) - to help practitioners, policy and decision-
makers achieve a twofold goal: i) improving ‘Nexus thinking’, based
on a deeper understanding and visualization of inter- and cross-sectoral
interconnections; ii) facilitating ‘Nexus doing’, through an improved
modelling of the potential future trajectories of the investigated system,
accounting for both external drivers (such as climate change) and policy
actions. The proposed approach relies specifically on the use of Stock
and Flow Diagrams (SFDs) to build a shared picture of the Nexus system
under investigation, and uses the potential of Sensitivity Analysis and
Scenario Analysis to identify key variables and comparatively highlight
their potential impact on system state and evolution under a wide range
of conditions. Stakeholders have been directly engaged in multiple steps
of the modelling procedure, and their knowledge used in all stages of
SFD building, analysis and validation. Differently from most of the
recent literature, the ‘E' in WEF identifies the Ecosystem dimension,
which is therefore explicitly included in the analysis. This choice reflects
the fundamental role that ecological processes and services play in
mediating the dynamics of Water (W) and Food (F), especially under the
pressure of global change. In the present work reference is made to the
implementation of the methodology in the Pinios River Basin and in the
Greater Chania Area (Greece) case studies, but the proposed approach
can be replicated in different contexts.

Environmental Impact Assessment Review 115 (2025) 108012

2. Materials and methods
2.1. An overview of Participatory System Dynamics Modelling

SDM comprises different tools and methods to analyze causal in-
teractions and explain the evolution of system behavior over time, and is
used for a wide range of purposes, which mainly include strategic
analysis and policy design (Pruyt, 2013; Elsawah et al., 2017; Liu et al.,
2022). Either qualitative (Causal Loop Diagrams, CLDs) or quantitative
(Stock and Flow Diagrams, SFDs) approaches can be used, depending on
several issues which include the purpose of the analysis, the variables
that need to be used (‘hard’ or ‘soft’) and the users' needs and interests
(Brychkov et al., 2022; Sterman, 2000). In summary, while CLDs only
provide conceptual system mapping, SFDs require equations to quantify
the state and evolution of variables (Coletta et al., 2024a; Coletta et al.,
2024b). The discussion about the opportunities and advantages (and
limitations) of both qualitative and quantitative SDM, particularly for
policy analysis, is still alive in literature, without a unique response.

SFDs are particularly useful in decision-making contexts (Malbon
and Parkhurst, 2023). In fact, SFDs allow testing assumptions and
assessing impacts of policies/strategies in multiple scenarios by
answering ‘what if> and/or ‘which is best’ questions, ultimately sup-
porting strategic decision- and policy-making under uncertainty
(Engelbertink, 2019). Despite its limited capacity as a ‘predictive' tool, a
SFD can be used to inform scenario planning and support preliminary
analyses about the future.

SDM has been identified as a valuable tool in the field of Participa-
tory Modelling (Voinov et al., 2016, 2018), and Participatory System
Dynamics Modelling (PSDM) explicitly refers in the literature to the use
of SDM with direct engagement of stakeholders in different modelling
stages, from problem definition and system description to policy anal-
ysis (Stave, 2010; Coletta et al., 2021; Pluchinotta et al., 2024). PSDM is
the basis of Group Model Building (GMB) and centered on the idea that
decision- and policy-makers need to actively contribute to model
development to guarantee its usability and relevance (Sterman, 2000;
Voinov et al., 2018; Brychkov et al., 2022; Teng et al., 2025). PSDM
facilitates a participatory process mainly oriented to develop — based on
system thinking principles — a shared understanding of the system or
problem under investigation. Besides improving system understanding,
it also contributes to creating a sense of confidence and a common
ownership of results and, ultimately, commitment towards the proposed
strategies and solutions (Pruyt, 2013; Forrester, 1990; Scrieciu et al.,
2021).

SFDs have several features and capabilities that facilitate interaction
with stakeholders, such as: the capacity to describe temporal dynamics,
the capacity to integrate different types of variables and therefore to
perform both qualitative and quantitative forecasting, the capacity to
handle complexity (also based on feedback loops modelling) and un-
certainty. SFDs also have good transparency and ease to communicate
results (see e.g., Voinov et al., 2018; Pluchinotta et al., 2024).

2.2. Overview of the methodological approach

The methodological approach proposed in the present work is based
on the development, analysis and use of SFDs for understanding WEF
Nexus systems and modelling the impacts of a wide range of drivers and
policies. It is graphically summarized in the following Fig. 1.

First, the SFD helps ‘map’ the Nexus, i.e., can be used for describing
the complexity of system structure, identifying cross-sectoral in-
terdependencies and highlighting the key elements and most influential
dynamics that can affect the state and evolution of the system. The SFD
is also populated with equations and data, often relying on the evidence
of sectoral models (e.g., hydrological models), field data but also expert
judgement and local knowledge. For this purpose, stakeholders are
involved through: i) semi-structured interviews for building sectoral
perspectives and identifying cross-sectoral interdependencies; ii)
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Fig. 1. Conceptual overview of the methodological approach.

participatory exercises (during a workshop or a focus group) for revising
model structure, focusing on selected dynamics that are particularly
relevant to discuss, ultimately trying to reach consensus on system
structure. The contribution of stakeholders is also highly valuable to
identify relevant variables and/or indicators that can be used to char-
acterize the state of each sector.

Second, a Sensitivity Analysis (SA) is used to preliminarily test the
influence that key input variables may exert on the state of target var-
iables (Pruyt, 2013). This is based on the results of the participatory
activities detailed in the previous step, specifically oriented to identify
key variables affecting system state and potential evolution. This in-
formation helps analysts and pilot leaders select relevant drivers and
potential leverage points, thus preliminarily identifying how system
dynamics might change. In this regard we argue that SA, besides being a
well-established method for testing the coherence of a model, can be
profitably used for a preliminary screening of the input variables that
might influence the evolution of the system more. For the purpose of the
present work, the model is tested using a univariate SA, i.e., changing
only one variable at a time and observing the impacts on model outputs.
This analysis might help understand which variables potentially have a
higher influence on the state of target variables.

Lastly, the what-if Scenario Analysis helps identify potential path-
ways of the system, under multiple conditions (Pruyt, 2013; Sterman,
2000). It is particularly relevant to comparatively test the impacts of a
multiplicity of policy actions on key variables, ultimately supporting
decision- and policy-makers understanding the implications of multiple
strategies (Pluchinotta et al., 2021). During a dedicated stakeholder
workshop, a group exercise is performed to build a shared ‘vision’ for
each area over the next 30 years. This exercise helps with brainstorming
on the expected and/or desired system evolution, but also on other
potential ‘futures’ that might occur as a consequence of selected drivers/
pressures or following the implementation of specific actions. A relevant
part of the exercise is devoted to the identification of potential actions,
strategies and policies to implement for achieving that vision. During the
workshop, the purposes of the analysis — which can help visualize (and
compare) scenarios without being a ‘predictive' tool - is clarified. Sce-
narios are run by the analysts and then discussed with stakeholders,
focusing on system trajectories and potential tipping points, but also
trying to understand the effectiveness of selected measures.

Stakeholder engagement is therefore guaranteed in all phases of SFD
development and use. Specific activities (either individual or group-
based) are tailored to support SFD building, validation and analysis.

The SFDs are built and analyzed using Vensim, a well-known SD
software, which also has routines for Sensitivity Analysis and scenario
testing.

3. Description of the case studies

The proposed approach has been developed and tested in two case
studies in the Mediterranean region, which share some similarities in
terms of socio-economic and environmental conditions. However, it
could be easily replicated elsewhere, even in significantly different
contexts.

3.1. Pinios River Basin

The Pinios River Basin (hereafter PRB) is a pilot area for the Water
Framework Directive implementation, located in central Greece. The
basin is mainly devoted to agriculture, and therefore irrigation water
demand is exerting increasing impacts on both groundwater (GW) and
surface water (SW) (Malamataris et al., 2023). The focus of the present
work is on two sub-areas within the PRB, namely the Agia and Delta,
both shown in Fig. 2.

The Agia watershed, in particular, hosts the Pinios Hydrologic Ob-
servatory (Pisinaras et al., 2018), which is part of the LTER-Greece
network (Skoulikidis et al., 2021). Given the relevance of agriculture
in the region, the activities of the Observatory primarily focus on un-
derstanding water balance and sustainable use, hydrodynamic pro-
cesses, agro-hydrological dynamics, and are driven by a long-lasting and
robust connection with local and regional stakeholders. The develop-
ment of irrigation in the Agia area started in the 1970s and, historically,
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Fig. 2. Map of the Pinios River Basin, with a focus on the Agia and Delta areas.
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water quantity has not been considered an issue. However, increasing
concerns are rising on irrigation demand in hydrologically poor years,
also considering the expansion of chestnuts and (to a lesser extent) of
apple trees. As a response, small, private reservoirs are increasingly
being constructed in the upper part of the catchment. Besides affecting
water resources quantity, agriculture is also impacting GW quality since
locally high NO3 concentrations are observed in the plain part of the
watershed. Furthermore, increased GW salinization is observed locally
and attributed to irrigation water return flow caused by irrational irri-
gation practices and fertilization malpractices (Pisinaras et al., 2018).

In the Delta area, instead, water for irrigation mainly comes from the
Pinios River, through temporary diversion dams. A relevant contribu-
tion has also been attributed to GW capillary rise from the phreatic
aquifer (Pisinaras et al., 2021). The main crops (in terms of area) are
alfalfa, wheat and sunflower, while kiwi fruit has been rapidly
expanding in the last years. The expansion of agriculture and related
land demand, along with the growth of the touristic sector, are exerting
pressures on the environment. In terms of water quality, GW salinization
processes are being observed, along with locally high NO3 and NH{
concentrations in the phreatic aquifer (Pisinaras et al., 2021).

Stakeholder identification and selection for the entire engagement
process, including the PSDM, followed a systematic and replicable
methodology as detailed by Malamataris et al. (2025). The process
began with the development of an initial list of stakeholders, informed
by insights gained from the establishment and operation of the Pinios
Hydrologic Observatory, as well as previous projects, and the specific
relevance of each actor to the WEF context. This list was then expanded
using a snowballing technique, which facilitated the identification of
additional relevant stakeholders through referrals and networks. To
ensure balanced representation, the stakeholder pool was analyzed for
diversity across actor types and sectors. Finally, a suitability assessment
was carried out for each stakeholder, evaluating their influen-
ce—defined as their capacity to address or resolve key issues—and their
interest, meaning the extent to which they were affected by or con-
cerned with WEF interactions. A total of nineteen stakeholders were
engaged, with five, four, and ten representing the Water, Ecosystem, and
Food sectors, respectively. Further details on the stakeholders involved
in the PRB are available in the Supplementary Materials (Table S1).

3.2. Greater Chania area

The study area is a wide region around Chania (Crete), that includes
the Koiliaris River Basin and the Keritis River Basin, as well as the
Akrotiri peninsula and the city of Chania, since there are significant
inter-basin water transfers. The Koiliaris watershed is, in particular, a
Critical Zone Observatory (CZO, established in 2004) belonging to the
European LTER (Long-Term Ecological Research) Network and to the
LTER-Greece Network. The region has been increasingly impacted by
intensive agriculture and overgrazing, which cause severe soil degra-
dation, further exacerbated by climate change and inefficient water
resources management. Grazed shrublands and pastures account for
more than two-thirds of the total area, while agricultural land is mainly
covered by olive groves, citrus orchards, vineyards and vegetable farms.
For a more comprehensive analysis, an interested reader could refer to
the work by Lilli et al. (2020).

Since its establishment, the observatory has engaged a diverse range
of key stakeholders through various public consultations. These have
included regional and local government bodies, academic institutions,
public water authorities, environmental organizations, as well as local
farmers and agricultural associations. As part of the LENSES project, we
organized several stakeholder engagement activities, with a particular
emphasis on understanding farmers' behavior and perspectives. One
public meeting was held with members of the local avocado growers'
association, attracting approximately forty farmers focused on water
and food sector issues. In addition, two representatives from research
institutions and two from the regional government also participated.
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Furthermore, a webinar was conducted with thirty-nine participants,
including thirty-seven legislators from the Region of Crete and two
representatives from academic institutions. Finally, a focus group dis-
cussion was held with ten unaffiliated farmers (i.e., not members of any
formal farmer association), providing additional insights into individual
farmer perspectives.Fig. 3 presents a topographic map with the areal
extend of the greater Chania study area. Further details on the stake-
holders involved in the Greater Chania Area are available in the Sup-
plementary Materials (Table S2).

4. Results

The present section provides an overview of the SFDs developed for
both study areas, highlighting the key elements included and the main
dynamics considered. An interested reader is invited to refer to the
Supplementary Material for the whole set of equations behind the SFDs.
Furthermore, some insights that can be provided by the Sensitivity
Analysis are also introduced and critically discussed. Lastly, the use of
the SFDs for running a Scenario Analysis is detailed.

Many elements of the SFDs are common, as they describe well
established bio-physical dynamics and very basic dependencies among
variables (e.g., the dynamics related to water demand for drinking or
irrigation purposes). However, several parts of the SFD have been
tailored to pilot specificities and adapted to the local context (e.g., water
demand for irrigation is calculated in the same way, but crop water
needs depend on the most relevant crops of the areas) mainly thanks to
the information provided by local stakeholders. In particular, stake-
holders were involved (both through interviews and participatory ex-
ercises) in finalizing the SFD structure, and in the identification of the
main dynamics to include in the model. Specific questions were oriented
to facilitate the building of equations regulating those dynamics. Some
stakeholders also provided information on data sources for selected
input variables.

The SFDs currently simulate 30 years with a monthly time step.
Using a monthly average approach allows the model to focus on long-
term trends rather than short-term fluctuations, which aligns with its
strategic planning purpose. The time step is also coherent with the main
phenomena being described (e.g., monthly variation of water demand)
and the resolution of other models (e.g., hydrological models).

Without any loss of complexity and interconnectedness, the SFDs
have been organized as sub-models. On the one hand, this helps simplify
the visual structure of the models. On the other hand, this also helps
focus, if needed, on sectors in isolation (‘water’, ‘food’ and ‘ecosystems’)
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Fig. 3. Topographic map depicting the areal extent of the Greater Chania study
area, including the Koiliaris River Basin, Keritis River Basin, Chania and
Akrotiri Peninsula. The map highlights key hydrological features, elevation
variations, and the spatial distribution of the study sites.



A. Pagano et al.

while keeping the interdependencies.

Although SFDs are not inherently spatial, spatial information has
been included through ‘subscripts’, which allow a single variable to
represent many different spatial units or categories. We basically
divided the two study areas into a subset of Areas of Interest (Aol, ‘Delta’
and ‘Agia’ for the Pinios; ‘Keritis’, ‘Koiliaris River’, ‘Akrotiri’, ‘Chania’
for the Chania Greater Area). Following some literature on the topic
(Elsawah et al., 2017; Voinov et al., 2018), the SFD can be easily
replicated (i.e., model instances are created) for each Aol, provided that
interconnections and interdependencies among Aol (e.g., fluxes of
water) are adequately represented.

4.1. Stock and Flow Diagram for the Pinios case study

4.1.1. Overview

The following Fig. 4 provides an overview of the water sub-model for
the Pinios. On the left-hand side of the Figure, the main dynamics related
to the water quantity are simulated. In particular, reference is made to
both SW (mainly the Pinios River in Delta area) and GW. The drinking
water demand is also simulated, including the monthly variation which
is particularly relevant during the summer due to the fluctuations in the
number of tourists (particularly in the Delta area). The water demand for
irrigation is computed in the ‘Food’ sub-model and used here. One of the
key specificities of this model is the explicit modelling of capillary rise
contribution to the crop/plant growth in the Delta area (Pisinaras et al.,
2021).

All variables related to water quantity are calculated in a fully
quantitative form, as they come from either hydrological models and/or
field observations. Just to make an example, the ‘SW availability’ is
computed based on the average monthly river flow recorded in the
Pinios upstream of the Delta area, whereas variables related to GW state
are derived from hydrological models (the Soil and Water Assessment
Tool, SWAT) applied for the area (Pisinaras et al., 2021). The con-
struction of new reservoirs emerged during stakeholder consultation
activities as one of the four top-ranked measures (Malamataris et al.,
2025). Based on the current plans for the area, the potential availability
of additional volumes of water for irrigation (3.5 Mm? and 5 Mm? for the
Delta and Agia, respectively) has been considered.

On the right-hand side of the Fig. 4, the dynamics related to SW and
GW quality are represented. As water quality depends on multiple

o i __——"Pinios river flow -
DeltaD
Conversion \
s/Month \
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variables/parameters that would be challenging to consider in a fully
quantitative form, we decided to use a dimensionless variable ranging
between 0 and 1.

The variables with an orange background can be used to easily
activate/de-activate scenarios.

The following Fig. 5 provides an overview of the ‘Food’ sub-model
for the Pinios. The left part of the model mainly focuses on the simula-
tion of irrigation water demand (upper part) and on fertilizers use (lower
part). It mainly aims at quantitatively modelling the impact of irrigation
practices on water quantity and quality.

The right part of the model provides, instead, a simplified assessment
of the ‘Average agricultural sustainability’, which relates to the pro-
ductivity, profitability and long-term viability of agricultural practices.
The relevant variables are estimated in a qualitative form. This can be
activated in specific scenarios.

Fig. 6 provides an overview of the ‘Ecosystems’ sub-model. Particular
attention is given to the analysis of three key phenomena for the area, i.
e., the levels of ‘Soil erosion’, ‘Soil quality’ and ‘State of natural areas’,
which is also more specifically related to the ‘State of riparian habitat
and forest conservation’. Considering the complexity of the dynamics
included in this sub-model, most of the variables are represented in
qualitative form (i.e., ranging between [0-1]).

A ‘Baseline' version of the model, representing current system con-
ditions, was calibrated and validated with the support of the pilot
leaders, either by referring to measured/modelled quantities (e.g., hy-
drological variables) or based on expert knowledge. Several rounds of
internal revision were performed before the model was shared and
discussed with stakeholders.

4.1.2. Sensitivity Analysis

The following Table 1 details the sensitivity tests for the Pinios case,
highlighting the variables involved and the range of variation, compared
to the baseline value. The selection of variables is based on the results of
a participatory exercise, specifically oriented to the identification of
relevant drivers and challenges (e.g., Climate Change, Irrigation effi-
ciency, etc.), and on the identification of potential leverage points and
sustainability measures (e.g., Mulching, Irrigation scheduling, etc.).
Each test is based on 200 simulations performed with a uniform varia-
tion of the selected variable within the selected range.

Table 2 provides an overview of the results of the tests, highlighting
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Fig. 4. View of the ‘Water’ sub-model for the Pinios Stock and Flow Diagram.
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Fig. 6. View of the ‘Ecosystems’ sub-model for the Pinios Stock and Flow Diagram.

the magnitude of impacts (if any) on a subset of relevant output vari-
ables across all sectors (Water — W, Ecosystems — E, Food, F). A quali-
tative assessment (High - H, Medium - M, Low — L) is assigned in Table 2
by the analyst, based on the detailed analysis of the sensitivity of output
variables to changes in the selected inputs. For the sake of simplicity, the
results are aggregated for both sub-areas.

The detailed results of the Sensitivity Analysis are displayed in the
following as confidence bounds, which are computed at each point in

time by ranking and sampling all the simulation runs. Thus, for example,
in a 50 % confidence bound, 1/4 (25 %) of the runs will have values
higher than the upper bound, and 1/4 (25 %) will have values lower
than the lower bound.

As an example, the results of Test C - which explores the sensitivity to
‘Average GW recharge rate' - are shown. The most sensitive variable is
clearly the ‘GW availability’ (Fig. 7), in particular in the Agia area.
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Table 1
Summary of the Sensitivity Analysis (SA) tests for the Pinios Stock and Flow
Diagram. CC stands for Climate Change, while GW stands for Groundwater.

Test  Variable Baseline  Range for SA
A CC Scenario 1 0-1
B Unit drinking water demand change_sensitivity 1 0.5-1.5
C GW recharge rate_sensitivity 1 0.5-1.5
D S2-Irrigation scheduling 0 0-1
E S1-Mulching 0 0-1
F Farmers' training and awareness 0 0-1
G Irrigation efficiency_sensitivity 1 0.5-1.5
H Landuse planning and regulation actions 0.5 0-1
Table 2

Overview of the results of the Sensitivity Analysis tests for the Pinios. SW stands
for Surface Water, while GW stands for Groundwater. H refers to High, M to
Medium and L to Low.

Output variables Sector  Test

A B C D E F G H
Drinking water demand w H - - - - - -
GW availability w L H H H - L -
SW quality w - - - - L - L
GW quality w - - M - H - L

Irrigation water use per
area

o
|
|
|
=
=
=
jas)
|

Average agriculture

sustainability F M - - M M H L H
Soil erosion E H - - - M H - H
Soil quality E H - - - M M - H
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Fig. 7. Results of the sensitivity run ‘C' for the Pinios Stock and Flow Diagram:
‘GW availability’

4.1.3. Scenario Analysis

Based also on the results of the Sensitivity Analysis, a targeted Sce-
nario Analysis has been performed. For the purpose of the present work,
a subset of variables has been identified by the stakeholders as central
for analyzing sectoral challenges in the Pinios case study, namely:

i) GW availability (water sector);
ii) Average agricultural sustainability (agriculture/food sector);
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iii) Soil quality (ecosystems sector).

The following scenarios were modelled coherently with the out-
comes of the ‘visioning’ exercise performed during the stakeholder
workshop:

o BAU (Business-As Usual): current conditions are just projected in the
future, assuming that no major changes occur, to facilitate compar-
ison with other scenarios.

o Scenario 0 (S0): it takes into consideration the impacts of climate
change only. In the model, reference is made to the results obtained
in one of the climate projections used, i.e., the RCP 8.5.

o Scenario 1 (S1): it takes into account the activation of one of the
selected Nature-Based Solution (NBS), i.e., the mulching. The
assumption here is that the measure is implemented on 100 % of
apple orchards area (769 ha) in the Agia area and to 100 % of kiwi
fruit orchards area (596 ha) in the Delta area.

o Scenario 2 (S2): it considers another NBS that was selected by the
stakeholders, i.e., effective soil water management through irriga-
tion scheduling. The assumption here is that the measure is imple-
mented in 100 % of apple orchards area (769 ha) in the Agia area and
to 100 % of kiwi fruit orchards area (596 ha) in the Delta area.

o Scenario 3 (S3): it takes into account the activation of socio-
institutional strategies, modelling specifically i) the improvement
of ‘farmer training and awareness’ level, ii) an increase in the
development of farmers' consortia, iii) the activation of ‘landuse
planning/regulation actions’.

o Scenario 4 (S4): it is explicitly focused on the activation of new
reservoirs for storing surface water.

o Scenario 5 (S5): it takes into account the benefits associated with the
improvement of irrigation systems efficiency.

In summary, the selected scenarios show the role of climate change
and related implications for the area (S0), the impact of key NBS selected
by stakeholders (S1, S2), the potential benefits of socio-institutional
measures (S3) as well as the opportunity of activating infrastructural
measures (S4 and S5). For the sake of simplicity, we considered the
activation of measures individually, but the impact of several actions at
the same time could be easily modelled. All scenarios have been pre-
compiled and discussed with the pilot leaders and with stakeholders
to feed the discussion on the potential future trajectories of the system.
The discussion was mainly based on the analysis of different scenarios,
summarized in the form of a presentation, without direct interaction
with the SFD which would be particularly challenging for stakeholders.
Discussing all the results obtained is beyond the scope of the present
work. In the following, a couple of them are presented, mainly to show
the methodological approach and to explain how they were used in the
discussion during the stakeholder workshop.

Scenario S1 (Fig. 8) shows that the impacts of Climate Change (CC)
could be (to some extent) mitigated through the activation of mitigation
measures. In this case, reference is made to one of the main selected NBS,
i.e., mulching. Clearly the mulching has a rather limited impact on the
state of GW (only a very limited reduction of GW used takes place, based
on the evidence of hydrological models) but can definitely contribute to
the increase of Agricultural sustainability, and to an improvement of Soil
quality.

Scenario S3 (Fig. 9) shows that the contribution of the selected socio-
institutional measures might be potentially relevant for the sustainable
development of the area. Although the decrease in GW availability due
to CC can only be partially mitigated, such measures could be particu-
larly useful to guarantee that the soil quality is (at least) preserved and
that the agriculture is sustainable and profitable over the long term.
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View of the results of the Scenario Analysis (Scenario S1) for the Pinios pilot Stock and Flow Diagram.
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Fig. 9. View of the results of the Scenario Analysis (Scenario S3) for the Pinios Stock and Flow Diagram.

4.2. Stock and Flow Diagram for the Greater Chania case study

4.2.1. Overview

The following Fig. 10 provides an overview of the water sub-model.
On the left-hand side of the Figure, the main dynamics related to the
water quantity are simulated. Reference is made to both SW (upper-left
part) and GW (lower-left part). Regarding the main hydrological

quantities (inflows to SW bodies, GW recharge rate, etc.) direct refer-
ence is made to average-year conditions provided by WEAP (Water
Evaluation and Planning) model, calibrated and validated for the area.
The drinking water demand is simulated, including the monthly varia-
tion which is particularly relevant during the summer due to the fluc-
tuations of tourists (particularly in some areas, such as the Keritis area),
starting from observed data for the area. The water demand for
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Fig. 10. View of the ‘Water’ sub-model for the Greater Chania Stock and Flow Diagram.

irrigation is computed in the ‘Agriculture’ sub-model and used to
perform a simple monthly water balance model. Reference is made to an
average value of irrigation water demand (4000 m®/ha) for the whole
area. A peculiarity is that there is a very limited water storage in the
area, as most of the water comes from springs and is limitedly collected
just before the distribution.

The dynamics related to ‘SW quality’ and ‘GW quality’ are instead
represented on the right-hand side of the Fig. 10. A semi-quantitative
assessment is proposed in this model as well, and the variation of
those variables occurs within the range [0-1]. Besides the role of agri-
culture, previous research highlighted the relevant impacts of livestock
practices on the state of the area and on the quality of GW. This aspect
has been explicitly taken into account, and the effect of an excessive

Average irrigation

presence of livestock on Nitrogen (N) is modelled in a semi-quantitative
form.

The following Fig. 11 provides an overview of the ‘Agriculture'/
"Food’ sub-model. The left part of the model is mainly focused on the
simulation of irrigation water demand (upper part) and of the load of
fertilizers (lower part). As already mentioned, an average irrigation unit
water need equal to 4000 m3/ha (and a variable monthly irrigation
water demand coefficient) is considered, following the hypotheses used
for the WEAP model. For the impact of livestock and pasture areas,
based on the available information on the study area, the current ca-
pacity of the Koiliaris River Area in terms of animals/ha is much higher
than a ‘sustainable' threshold (14 animals/ha, compared to 1-2 animals/
ha), with severe impacts on water and soil quality.
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Fig. 11. View of the ‘Agriculture' sub-model for the Greater Chania Stock and Flow Diagram.
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The right part of the model provides, instead, a simplified assessment
of the ‘sustainability’ of agricultural practices. In this model, the concept
of ‘sustainability’ of agricultural practices mainly considers three
different components, namely: i) the profitability and viability on the
long term of agricultural activities for the farmers, also given the
increasing land fragmentation; ii) the environmental sustainability,
considering the quality of adopted practices; iii) the productivity of
agriculture. The variables here are estimated in a qualitative form in the
range [0-1]. Particular attention is given to the potential impact of the
variable cost of water (depending e.g., on its availability) and to the role
of socio-institutional conditions (e.g., the level of training of farmers and
growth of consortia).

The Fig. 12 provides an overview of the ‘Ecosystems’ sub-model.
Particular attention is given to the analysis of two key phenomena for
the area, i.e., the level of ‘Soil erosion’ and the ‘Soil Degradation.
Considering the complexity of the dynamics included in this sub-model,
and the need to cover spatial scale, which would require a detailed
modelling approach which cannot be fully guaranteed by the stock and
flow model, most of the variables are represented in qualitative form (i.
e., ranging between [0-1] as previously explained for the other
variables).

4.2.2. Sensitivity Analysis

The following Table 3 details all the simulations that were carried
out for the Sensitivity Analysis in the Greater Chania Area case study,
highlighting the range for each variable. The selection of variables is
based on the results of a participatory exercise, specifically oriented to
the identification of relevant drivers and challenges (e.g., Climate
Change, Average unit irrigation water need, etc.), and on the identifi-
cation of potential leverage points and sustainability measures (e.g.,
Agro-ecological practices, Innovation in irrigation practice, etc.). For the
present work, each test included 200 simulations, with a uniform vari-
ation of the selected variable within its specified range.

The Table 4, then, provides an overview of the results of the tests for
key sectoral variables and a qualitative assessment (High - H, Medium -
M, Low - L) is used to express how sensitive the output variable is to
changes in the selected inputs. A couple of detailed examples follow.

Following the same approach detailed in Subsection 4.1.2, the results
of the Test K - which explores potential variations in the ‘Agro-ecological
practices’ — are proposed in the following. A strong influence exists on
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Table 3
Summary of the Sensitivity Analysis tests for the Greater Chania case study. CC
stands for Climate Change, while YN stands for Yes or Not.

Test Variable Baseline - CC Range

A CCYN 1 0-1

B Yearly unit drinking water volume 73 58-88 (+£20 %)
C Average unit irrigation water need 4000 3000-5000
D Irrigation infrastructure efficiency 0.5 0-1

E S - Irrigation optimization YN 0 0-1

F Farmers' training and awareness 0 0-1

G Innovation in irrigation practice 0 0-1

H Development of cooperatives 0.2 0-1

I Terraces 0 0-1

J Riparian forests 0 0-1

K Agro-ecological practices 0 0-1

‘SW quality’ (Fig. 13), but many other variables can be affected as well.

4.2.3. Scenario Analysis

Based also on the results of the Sensitivity Analysis, a targeted Sce-
nario Analysis has been performed. For the purpose of the present work,
reference was made to a subset of variables that have been identified by
the stakeholders as central for analyzing sectoral challenges in the
Greater Chania study area, namely:

e Drinking water balance and Irrigation Water balance (Water sector);

e Agricultural sustainability (Food sector);

e SW quality, GW quality, Soil degradation and Soil erosion (Water
and Ecosystems sector).

The following scenarios were modelled according to the results of the
‘visioning’ exercise performed during the stakeholder workshop:

o BAU (Business-As Usual): current conditions are just projected in the
future, assuming that no major changes occur, to facilitate compar-
ison with other scenarios.

o Scenario 0 (S0): it takes into consideration the impacts of climate
change only. For the sake of simplicity, we modelled a gradual
reduction of water inflow/availability (up to —20 % in 30 years).

o Scenario 1 (S1): it takes into account the optimization of irrigation
scheduling for all crops in the area.
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Fig. 12. View of the ‘Ecosystems’ sub-model for the Greater Chania Stock and Flow Diagram.
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Table 4
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Overview of the results of the Sensitivity Analysis tests for the Greater Chania case study. SW stands for Surface Water, while GW stands for Groundwater. H refers to

High, M to Medium and L to Low.

Output variables Sector Test
A B C D E F G H I J K
Drinking water demand w H - - - - - - -
GW availability W L H L - — — _ _ _
SW quality w - - - - - M - - - M
GW quality w - - - - - M - - - - M
Irrigation water demand F - - H M L - - - - -
Agricultural productivity F M - - - M M - - - L
Agricultural profitability F - - - - H - - H - - -
Environmental sustainability of agriculture F - - - M L M - - - M
Soil erosion E H - - H - - M H H
Soil degradation E M - - - - M - - - - H
the optimization of irrigation practices. This scenario builds on the
— B Sensitivity12 50% —895% Climate Change (CC) scenario (S0). It shows that the Irrigation water
Baseline - CC 875% 100% balance can be kept positive (i.e., the system should be able to absorb the
SW quality[Areal Keritis] stress due to CC), ensuring that lower volumes of water are used for the
— purpose. An additional benefit relates to agricultural sustainability,
£ 0 which increases over time mainly considering the increased environ-
-1 mental sustainability of agricultural practices. Compared to the BAU
SW quality[Area2 Koiliaris) environmental processes are just accelerated due to the impacts of CC.
= _ The following Fig. 15 provides a summary of the Scenario S4, which
a ? shows the impacts of the adoption of agro-ecological practices. This
) ; " scenario builds on the CC scenario (S0). It shows that despite the fact
SW quality[Area3 Akrotiri] (S0) ¢ p.
that these measures are not expected to have a deep impact in terms of
'_g o water quantity, they can positively impact water quality (both SW and
a) q GW). The situation in the Koiliaris sub-area is significantly different (and
SW quality[Area4 Chania] worse), mainly considering the impacts of livestock practices. The main
effect, however, is a significant contribution to the reduction of soil
g 0 degradation, mainly due to the contribution to the reduction of soil
A B carbon loss.
0 100 200 300
Time (Month) 5. Discussion
The present work stems from a growing interest worldwide in Nexus

Fig. 13. Results of the sensitivity run ‘K' for the Greater Chania Stock and Flow
Diagram: ‘SW quality’.

o Scenario 2 (S2): it considers the reduction of pressures due to live-
stock activities. The scenario shows the impact of the reduction of the
pressure due to livestock (—2 animal/ha/year), until a threshold of 2
animals/ha/year is reached.

o Scenario 3 (S3): it describes qualitatively the effects of the activa-
tion of the main NBS selected in the study area, namely the devel-
opment of terraces and of riparian forests, showing the impacts on
key variables.

o Scenario 4 (S4): it is focused on the activation of agroecological
practices in the area, showing its impacts mainly on the reduction of
soil degradation.

As explained in the section on the Pinios case, the Scenario Analysis
mainly aims to make explicit the role of climate change and to show the
potential implications for the area, along with selected measures
(including NBS) that were identified in the process of stakeholder
consultation (Lilli et al., 2020; Maragkaki et al., 2024; Lilli et al., 2024).

All scenarios have been pre-compiled and discussed in detail with the
pilot leaders before the WS, to verify the relevance and consistency of
results. They were shown to stakeholders to feed the discussion on the
potential future trajectories of the system. As in Section 4.1.3 only a
couple of those are presented in the following, to show the methodo-
logical approach and to explain how they can be used.

The following Fig. 14 provides a summary of Scenario S1, focused on

11

systems, also fed by growing concerns on resource exploitation and
sustainability, and in the identification of effective methods to facilitate
their understanding and the identification of potential system trajec-
tories. The analysis of global Nexus systems has been recently the focus
of several pieces of research (Susnik, 2018; Susnik et al., 2021;
D'Odorico et al., 2018; McGrane et al., 2019) which highlighted the need
for integrated approaches capable of working across different scales,
supporting the quantification of interdependencies among sectors and
facilitating cross-sectoral collaboration.

The present work proposes a holistic approach to Nexus, based on the
use of PSDM techniques. In particular, we argue that the use of quan-
titative PSDM (i.e., SFDs) can help stakeholders navigate the whole
process from an improved Nexus understanding to Nexus management,
also through the use of sensitivity tests and scenario analyses to explore
the evolution pathways of the investigated system and the potential
impact of actions and policies.

First, it is worth highlighting that the structure of SFDs can facilitate
the understanding of the key interdependencies and boundaries of the
Nexus system under investigation. Building a shared holistic system
picture is central to facilitating the transition from Nexus ‘thinking’ to
Nexus ‘doing’. This requires, also according to relevant literature
(Susnik and Staddon, 2022), broadening the boundaries of the analysis,
including sectors (such as e.g., the Ecosystems), that have often been
neglected despite their centrality in achieving resources security. The
capacity to deal with complex systems and uncertainty, while guaran-
teeing transparency and a straightforward communication of results
(Voinov et al., 2018) makes SFDs particularly suitable for Nexus studies,
and for interacting with stakeholders.
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Fig. 14. Results of Scenario S1 for the Greater Chania Stock and Flow Diagram.
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Fig. 15. Results of the Scenario S4 for the Greater Chania Stock and Flow Diagram.

Second, SFDs can easily integrate both qualitative and quantitative
modelling in a robust and scientifically sound architecture - a frontier for
Nexus research (Susnik and Staddon, 2022) - allowing the integration of
different types of variables and sources of knowledge (Voinov et al.,
2018). The quantitative variables (e.g., those describing physical pro-
cesses such as water supply/demand, agricultural production, etc.) are
based either on observed data or on the results of sectoral models (e.g.,
hydrological models); the semi-quantitative or qualitative variables
(expressed in dimensionless form in the range between 0 and 1) often
rely on expert judgement to describe dynamics that are complex to
model but useful to correctly describe system state and evolution.
Qualitative and quantitative approaches are increasingly blended in

Nexus studies (Susnik and Staddon, 2022), and this guarantees robust-
ness in modelling, especially if the qualitative description is developed
with stakeholders. Despite the undoubted advantages, it should be
carefully considered that SFDs can be used both for qualitative and
quantitative forecast and the quality of information conveyed through
the SFD significantly varies depending on the quality of baseline
information.

Third, the proposed approach relies on a deep and active engagement
of stakeholders throughout the modelling process, which has been
identified as a frontier in Nexus studies (Susnik and Staddon, 2022).
Both model structure and equations are built relying on the integration
of scientific and expert knowledge, and stakeholders are actively
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involved in all key phases of model building, revision, validation and use
for Scenario Analysis. Decision- and policy-makers benefit from a deeper
(and broader) understanding of the complexity of Nexus and of the
impacts and implications of actions, which would be significant yet
inevitably limited using sectoral models. Their participation throughout
modelling activities thus helps produce “policy-relevant messages”. This
is particularly true for the Scenario Analysis, which allows exploring
system response to external drivers and policy actions. In this regard, we
argue that it is crucial to highlight that SFDs should not be considered as
predictive tools, rather as tools to explore and compare the evolution of
the Nexus system under investigation over time, with a focus on the
cross-sectoral implications and impacts. The outcomes should therefore
better inform decision- and policy-makers about the implications of any
strategy, highlighting potential trade-offs and synergies. However, it
should be considered that the complexity of a SFD structure and of the
underlying mathematics might significantly limit the direct interaction
with stakeholders (even those with a technical background). For this
reason, the adopted strategy was mainly oriented to an ‘indirect’ inter-
action. In particular, both interviews and participatory exercises were
tailored to build, clarify and revise SFD structure, with questions ori-
ented to understand the cause-effect connections among variables, as
well as the quantitative dependencies. Simple exercises facilitated by
pilot leaders were used to identify the most important sectoral variables,
and to co-design scenarios based on a ‘visioning’ exercise. The latter
aimed at identifying the desired and/or most likely future, along with
potential relevant future pathways occurring as a consequence of the
implementation of measures and actions. Scenarios were then run by the
analysts and presented to stakeholders focusing on the graphs describing
the main variables, without a direct interaction with the SFD. One of the
potential future developments of the activity relates to the definition of a
user-friendly interface that could help with running, visualizing,
comparing and discussing scenarios in a more interactive way.

It is also worth remarking that the experience in the case studies
highlighted that the ‘dialogue' itself is at least as important as the
outcome of the analysis. The activities helped co-define a picture of the
study area and identifying potential pathways for the system under
investigation. The Scenario Analysis contributed to defining a vision for
the study areas, and therefore helped stakeholders find consensus on
how to drive the system towards sustainability. Nature-based Solutions
were described and promoted as a potential response to the challenges of
the study area, but space was given to all the options suggested by
stakeholders. In our view, this was a crucial element to support the
dialogue and to help represent all points of view without any limitation
or restriction.

Although the present work contributes to filling some gaps in current
Nexus research, some questions are still open to future research. In
particular, the SFDs in the current form, may neglect some relevant
behaviors that should be considered to better describe the potential
evolution of the system, such as the potential for adaptation. An example
can help easily clarify the issue. Both models show a reduction in either
SW or GW availability as an effect of climate change. Nevertheless, the
model assumes that the behavior of water users (e.g., the farmers) does
not adapt to such variable conditions and that no changes occur (e.g., no
variation in crop types and crop water needs). This is clearly not real-
istic, as the adaptation to evolving conditions is a key component of
‘real-world’ systems. Additional efforts would also be needed for
improving the quality of Scenario Analysis. This would particularly
require: i) an improved capacity to account for adaptation actions in
SFDs, activating specific behavior or responses under specific conditions
(e.g., when a tipping point is reached); ii) a stronger mathematical
formulation for helping decision- and policy-makers comparing and
selecting effective solutions such e.g., multi-objective optimization al-
gorithms (MOO); iii) an almost automatic integration and dialogue be-
tween SFDs and sectoral models (e.g., hydrological tools), to facilitate
the creation and update of scenarios; iv) an explicit treatment of un-
certainty, through an explicit integration of stochastic elements into the
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SFDs; v) the integration with Agent-Based Modelling (ABM) to better
describe the impact that individual or collective behaviors might have
on the evolution of Nexus systems; vi) the development of a user-friendly
interface to facilitate the interaction of stakeholders with SFDs.

6. Conclusions

The present work proposes an innovative approach based on the use
of PSDM techniques (specifically, SFDs) for WEF Nexus analysis and
management. Reference is made to two case studies located in the
Mediterranean Area (namely, the Pinios River Basin and the Greater
Chania Area) that share similar challenges and pressures, but can be
replicated in principle to the analysis of any Nexus system. The main
objective of the work is to develop and test a methodological approach
that can support decision- and policy-makers both improving Nexus
understanding and facilitating Nexus implementation. SFDs can support
the former as they provide an effective visualization and analysis of
cross-sectoral interdependencies, and facilitate the latter through spe-
cific tools, such as the Sensitivity Analysis and the Scenario Analysis,
that can be used to clarify potential pathways for system evolution. A
key element of innovation of the proposed approach lies in the active
engagement of stakeholders throughout project activities, from model
building to model validation and use. SFDs showed significant advan-
tages, such as the capacity to deal with qualitative and quantitative in-
formation, the transparency and the potential for treating uncertainty.
Some limitations, such as the potential oversimplification of ‘real’ dy-
namics and processes over time and space, or the challenges related to
the use of SFDs in the interaction with stakeholders are also discussed
and will be the focus of future research. Emphasis is given, in the present
work, to the use of SFDs to perform a ‘what-if’ Scenario Analysis that can
help draw potential future system trajectories, accounting for both
external drivers and selected policy actions. In our view, this is a value
added of the proposed approach and an invaluable opportunity to feed
the discussion on Nexus systems and on the potential related to a mul-
tiplicity of measures that might facilitate sustainability transitions.
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